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Abstract. Microstructural changes during thermal ageing of ferromagnetic materials 
can be detected in a rapid and nondestructive way by means of micromagnetic 
methods. The Fraunhofer Institute for Nondestructive Testing (IZFP) proves the 
suitability of those techniques for the characterization of microstructural changes 
caused by thermal ageing (at different times and temperatures) of the different heat 
resistant ferritic, ferritic/martensitic steels and iron-based alloys.  
 Differing microstructure features and subsequent thermal ageing of high 
chromium ferritic steels produces populations of strengthening Laves phase 
precipitates, largely deviating from each other in terms of particle number, size 
distribution and inter-particle spacing and thus differing mechanical properties. The 
effect of different thermal ageing procedures on the microstructure evolution was 
characterized by means of micromagnetic techniques. 
 Thermal aged and creep damaged 9-12Cr ferritic/martensitic steel specimens 
were investigated by means of micromagnetic techniques in order to characterize the 
microstructure changes due to chromium rich M23C6 carbides, MX-type 
precipitates, Laves phases and modified Z-phases and changes of dislocation 
density. 
 In case of heat resistant Cu-containing ferritic/bainitic steels and Cu-Ni-Mn 
alloyed iron based materials nanoscale Cu-precipitates and the corresponding 
residual micro stresses play a dominant role in the ageing process. By means of 
micromagnetic techniques the characterization of the microstructural changes 
induced by the thermal ageing was successfully performed. The nucleation and 
growth of precipitates at different temperatures in case of the thermally aged states 
could be pursued by means of micromagnetic techniques. Furthermore the world-
wide first experimental method for measuring residual micro stresses of III order 
induced by nanoscale precipitates during thermal ageing was developed, tested and 
patented at Fraunhofer IZFP. 
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Introduction  

Non-destructive materials characterization techniques have traditionally been used to 
detect, classify and size defects in materials. However in the last two decades a significant 
effort has been invested, to develop NDT techniques which can reliably characterize 
materials in terms of properties describing the fitness for use. In case of the power plant 
components such as pressure vessels and pipes the fitness for use under mechanical loads is 
characterized in terms of the determination of mechanical properties like hardness, yield 
and tensile strength, toughness, fracture appearance transition temperature or fatigue 
strength. Except hardness tests which are weakly invasive, all of these parameters can be 
determined by using destructive tests on special standardized samples. Such a procedure 
cannot be performed on components in service and is therefore restricted to quality checks 
during manufacturing where enough representative material is available. Procedures based 
on less-destructive material sampling and weakly influencing the integrity of the 
component are not yet validated or standardized and are still the objective of investigations. 
Therefore, there is a need for the development of such non-destructive testing techniques.  
The present contribution will show the suitability of the micro-magnetic testing methods to 
characterize ageing induced damages in three kinds of materials: Hiperfer - high chromium 
ferritic steel, 9-12Cr ferritic/martensitic steel and Cu-alloyed iron based materials. 

1. Micro-magnetic methods - theoretical background  

Ferromagnetic materials consist of small, finite regions called magnetic domains. Each 
domain is spontaneously magnetized to the saturation value MS (saturation magnetization) 
of the material. These domains are separated by Bloch walls. Two kinds of Bloch walls are 
observed in the magnetic structure of a ferrous magnetic material: 180°-Bloch walls and 
90°-Bloch walls. The indicated angle is the angle between the magnetization vectors in two 
adjacent domains.  

If a magnetic field is applied the Bloch wall motions take place discontinuously 
because the walls are temporarily pinned by microstructural obstacles like dislocations, 
precipitates and phase or grain boundaries or residual stress fields in a polycrystalline 
material [1]. The micro-magnetic material characterization is based on the detection of 
different magnetic properties, which are strongly dependent on the microstructure and 
residual or load stresses. The basic requirements for the performance of the micro-magnetic 
material characterization are the ferromagnetic behaviour of materials, magnetization setup 
based on an electromagnet, probes to detect the magnetic characteristics and a PC for data 
acquisition and processing.  
Fraunhofer IZFP pursues the so-called 3MA-technique (“Micro-magnetic Multi-parameter 
Microstructure and Stress Analysis”) in order to characterize qualitatively and 
quantitatively material properties [2]. 3MA uses a large number of micro-magnetic 
parameters (currently 41) which are derived from four micro-magnetic methods (harmonic 
analysis of the magnetic tangential field strength Ht, analysis of the magnetic Barkhausen 
noise M(Ht), incremental permeability µ(Ht) analysis and eddy current impedance 
measurements at different operating frequencies (Fig. 1). 3MA system consists of a 
magnetization unit, Hall probe, an eddy current excitation coil, an eddy current receiver coil 
and a Barkhausen noise coil. Collecting information from these sensors, multiple magnetic 
parameters can be measured within a fraction of a second. The 3MA method is particularly 
sensitive in mechanical property determination, as the relevant microstructure governs the 
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material behaviour under mechanical loads (strength and toughness) in a similar way to the 
magnetic behaviour under magnetic loads, i.e., the magnetization in a hysteresis loop. 
Because of the complexity of microstructures and the superimposed stress sensitivity there 
is an absolute need to apply a multiple-parameter approach [2].  

 
Fig. 1. Background 3MA: micro-magnetic multi-parameter microstructure and stress analysis 

2. Characterization of creep damage in 9-12Cr ferritic/martensitic steels 

Martensitic/ferritic 9-12Cr% steels widely used in fossil fuel power plants are subject 
exposed to high stress and high temperature, and sometimes broken due to creep damage. 
They contain a high dislocation density and different kinds of precipitates: M23C6 carbides, 
MX carbonitrides and Laves phase [3]. During creep exposure (variation of stress and 
temperature) the microstructure properties such as precipitation diameter or dislocation 
density gradually change and could yield to sudden damages. Therefore, the evaluation 
detection of structural change and prediction of creep rupture time by using non-destructive 
testing is required. For the present study samples of modified 9Cr-1Mo (see table 1) were 
normalized at 1050°C for 1.1 h, tempered at 780°C for 1.4 h and tempered again at 740°C 
for 10.6 h. After that the samples underwent creep tests were performed at temperatures of 
550, 600 and 650°C and load stress between 78 MPa and 280 MPa. It is well known that 
after long term operation precipitates of M23C6, MX and Laves phases coarsen. It is 
considered that precipitations and dislocation density change in creep samples as structural 
change.   

Table 1. Chemical composition of modified 9Cr-1Mo steel samples (mass %) 

C Si Mn P S Ni Cr  Mo V Nb Al  N Fe 
0.1 0.39 0.42 0.014 0.001 0.06 8.75 0.97 0.21 0.089 0.011 0.0505 bal. 

For the characterization of the creep damage, the Larson-Miller Parameter (LMP) is 
used (see table 2), which is a time-temperature parameters defined as LMP=T*(20+log(t)), 
where T is the absolute creep exposure temperature [K] and t represent the rupture time [h] 
at different loads stresses. Therefore, LMP represent a measure for the creep exposure 
conditions. Table 2 shows that at constant temperature the increasing load stress causes a 
decrease of the rupture time and of the LMP. The aim of this study was to investigate the 
feasibility of structural evaluation due to creep damage in modified 9Cr-1Mo steels and to 
discuss the mechanism. For the purpose, micromagnetic multi-parameter analysis was 
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applied to creep samples. It was investigated whether magnetic parameters have a 
correlation with LMP. Then, the relationship between magnetic property changes and 
structural changes was discussed. 

Table 2. Creep exposure conditions and LMP values 

Temperature 
[°C] 

Load stress 
[MPa] 

Rupture time 
[h] 

LMP 

550 157 56679 20370 
550 186 9349 19730 

600 118 11769 21010 
600 137 2312 20400 
600 177 60 19010 

650 78 4945 21870 
650 93 1102 21270 

Micro-magnetic measurements show that the coercivity, Hcm derived from the 
Barkhausen noise analysis (Fig. 2) and Hco derived from the upper harmonics analysis (Fig. 
3) decrease with increasing LMP.  

                      

Fig. 2. Coercivity, Hcm derived from the Barkhausen 
noise analysis for different creep stages 

Fig. 3. Coercivity, Hco derived from the upper 
harmonics analysis for different creep stages

Further micro-magnetic measurements show that the Barkhausen noise amplitude, Mr (Fig. 
4) as well as 25% width of the Barkhausen noise profile curve H25m (Fig. 5) increase with 
increasing LMP. A possible explanation is the formation and coarsening of precipitates of 
M23C6, MX and Laves phases, that will lead to an increase of the precipitate spacing and 
therefore to a decrease of the Bloch wall pinning. This phenomenon is similar to the 
dislocation pinning. A decrease of the Bloch wall pinning causes a decrease of the 
coercivity and to an increase of the Bloch wall springs yielding an increase of the 
Barkhausen noise amplitude. Those measurements show the suitability of the micro-
magnetic technique to characterize the late stage of creep damage before failure. 
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Fig. 4. Barkhausen noise amplitude in the region 
of the remanence Mr for different creep stages 

 

Fig. 5. 25% width of the Barkhausen noise profile 
curve H25m for different creep stage

3. Characterization of the microstructure evolution of high Cr ferritic “HiperFer” 
steel during material development 

Development of candidate alloys for the application in future advanced ultra-super critical 
(AUSC) steam power plants is a time consuming and thus expensive task. In case of novel 
high chromium fully ferritic “HiperFer” steels the impact of for example thermomechanical 
pre-treatment on microstructure evolution and mechanical properties is vastly unknown [4]. 
Differing alloy composition, initial dislocation density and subsequent thermal ageing 
produces populations of strengthening (Fe,Cr,Si)2(W,Nb) Laves phase precipitates, largely 
deviating from each other in terms of particle number, size distribution and inter-particle 
spacing and thus differing creep strength [5]. Evaluating suitable processing parameters for 
thermomechanical material pre-treatment to ensure sufficient initial strength from 
conventional methods alone (correlation of mechanical and hardness testing results with 
high resolution microscopy) is an exhaustive task, which would have to be repeated for any 
new alloy or thermomechanical treatment parameter set. 

The microstructure characterization concerning the number and diameter of laves 
phase particles was performed by means of Field Emission Scanning Electron Microscopy 
(FESEM). After 30 hours of annealing at 600 °C a large amount of very small precipitates 
(approx. 10nm) forms. After 1000 hours of annealing at 600 °C the absolute number of 
particles only dropped slightly (from 17165 to 13484), but the smallest particle fractions 
disappeared and bigger particles coarsen and the inter-particle spacing increases. After 10 
hours of annealing at 650 °C (6262) the smallest particles (approx. 10 nm] do not form at 
all. Aging up to 500 hours at 650°C causes a further decrease of all size fractions to a total 
number of particles of 2303, the number of particles smaller than 100nm decreases but 
particles bigger than 400nm appears due to Ostwald-ripening processes. At 700 °C the 
small particle fractions (ECD < 100 nm) disappeared and grew into larger ones (ECD > 200 
nm) in the long-term. Similar to the thermal ageing at 650°C the smallest particles (approx. 
10 nm] do not form at 700°C. In the long-term the total number of particles dropped to 693 
with the maximum at an ECD of 284 nm after 500 h [5].  

First trials of correlations between micro-magnetic and microstructure properties for 
specimens which were solution-annealed and cold-worked followed by precipitation 
treatment are presented in that contribution.  

Measurements of the coercivity, Hco derived from the upper harmonics analysis 
(Fig. 6), Hcm derived from the Barkhausen noise analysis (Fig. 7) and Hcµ derived from the 
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incremental permeability (Fig. 8) show that the microstructure evolution induced by 
thermal ageing as well as the decrease of the compressive residual stresses influence the 
magnetic hardness of the material. The reason for analyzing the coercivity by means 
different methods is to assess different surface layers of the material, depending on the 
penetration depth, which is highest for the harmonic analysis (up to 3 mm) and lowest for 
high-frequency incremental permeability (less than 100 µm, depending on the frequency). 

The results of micro-magnetic characterization indicate a significant influence of the 
microstructural state on the magnetic properties of the material: Due to the nucleation and 
growth of precipitates the thermally aged states show different magnetic hardness 
(coercivity) and permeability than the solution-annealed material.  
During thermal ageing the compressive residual stresses induced by cold rolling decrease 
that causes a decrease of the coercivity with increasing thermal ageing time. Generally a 
decrease of compressive residual stresses causes a decrease of coercivity [6].  

          
Fig. 6. Coercivity, Hco derived from the upper 

harmonics analysis for different thermal ageing 
states 

Fig. 7. Coercivity, Hcm derived from the 
Barkhausen noise analysis for different thermal 

ageing state 

          
Fig. 8. Coercivity, Hcµ derived from the 

incremental permeability for different thermal 
ageing states 

Fig. 9. Maximum of the incremental permeability, 
µmax for different thermal ageing states 

The variation of the number of particles has different influences on the coercivity 
depending on the particle diameter and inter-particle spacing. During early stages of 
thermal ageing the number of small particles increases and the inter-particle spacing 
decreases. That causes an increase in coercivity, because the Bloch-walls are more impeded 
to move [6]. An increase of in the number of big particles causes an increase of the inter-
particles spacing. Due to that fact the Bloch-walls pinning become weaker, that yield to a 
decrease of the coercivity [6]. 
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In case of thermal ageing at 600 °C the increase of the number of Laves phase 
particles smaller than 100 nm during the first stage causes a decrease of the inter-particle 
spacing. The Bloch-walls pinning become stronger and the coercivity increases. In case of 
the thermal ageing at 650 °C and 700 °C the absence of small particles but the presence and 
the increase of number density of particles bigger than 100 nm cause a decrease of the 
coercivity. During further thermal ageing the increase in the number density of big Laves-
phase particles causes a further decrease of coercivity (up to 1000 h at 600 °C and 500 h at 
650 °C and 700 °C), similar to the Oswald-Ripening in case of mechanical hardness. The 
magnetic hardness of a material decreases by the increase in magnetic permeability. 
Measurement of the maximum incremental permeability, µmax (Fig. 9) confirms the 
behaviour of the coercivity.  

Thus, based on this method future rapid pre-characterization of microstructural 
changes seems possible, which would speed up the process of evaluating initial dislocation 
density / annealing time / annealing temperature parameter sets beneficial for mechanical 
strength [5]. 

2. Characterization of the nano-sized Cu particles in Cu-rich iron-based alloys 

Smallest changes in the materials state e.g. the change of the micro residual stress (MRS) 
level induced by the precipitation of coherent Cu particles in the Cu-containing 
ferritic/bainitic steels sensitively affect the mechanical properties and the material 
behaviour during operation. On the other hand the precipitation of coherent Cu particles has 
a significant influence on the magnetic domain structure of the materials. The micro-
magnetic testing methods have a high potential to detect change in MRS because they 
sensitively react on the changes of the domain wall configuration [6]. The Cu precipitates 
coherently embedded in a ferritic matrix induce two different kinds of MRS: coherence 
tensile MRS of IIInd order and thermally-induced compressive MRS of IInd order. The 
coherence MRS of the IIIrd order appear when the lattice parameter of the IInd phase 
particles coherently embedded in the matrix and the lattice parameter of the surrounding 
matrix are different. The thermally-induced MRS of IInd order arises at the interface 
between different material phases because of their different thermal expansion coefficient. 
Bigger lattice parameter and thermal expansion coefficient of Cu compared to Fe lead to 
coherence tensile MRS of IIIrd order and thermally-induced compressive MRS of IInd order 
respectively [8].  

In order to detect the precipitation-induced MRS, Barkhausen noise measurements 
under superimposed tensile load stress were performed [8]. Cylindrical samples were 
magnetized in the longitudinal uniaxial load stress direction. By means of that approach the 
detected residual stresses are those in the direction of external magnetization. The 
Barkhausen noise signal was recorded by using two differential air-core coils to separate 
the influence of the energizing magnetic field. The magnetic Barkhausen noise was 
triggered by an alternating magnetic field applied to the sample using an U-shape 
electromagnet. The noise signal was recorded as induced voltage, appropriately filtered, 
rectified, amplified and displayed as function of the tangential field strength. The 
Barkhausen noise events recorded during one hysteresis cycle show a maximum (MMAX ) as 
function of the tangential magnetic field so-called Barkhausen noise profile curve (Fig. 1). 
That maximum obtained during one hysteresis cycle is recorded as a function of the load 
induced tensile load stress – MMAX (). These series of Barkhausen noise maxima again 
reach a relative maximum. A shift of this relative maximum along the stress axis can be 
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observed as a measure for the change of the micro (or macro) residual stress state. So far 
the superimposed residual stress is of the tensile type, the curve shifts to the left-hand side 
(Fig. 10, grey coloured curve) and in the other direction in case of the superimposed 
compressive stresses (Fig. 10, dotted curve) [7]. 

For the present study thermal aged binary Fe-Cu alloys were investigated [7]. 
During the thermal ageing Cu precipitates nucleate, grow and change their microstructure 
from bulk cubic centred (coherent with the Fe matrix) into face cubic centred (incoherent 
with the Fe matrix). Small and coherent precipitates cause the increase of the hardness and 
of the MRS of IIIrd order whereas incoherent precipitates cause the decrease of the hardness 
and of the MRS of IIIrd order [7]. The MRS of IIIrd order increase during formation of the 
coherent Cu particles and decrease during their transformation into incoherent Cu particles. 
Additionally to the MRS of IIIrd order the precipitation of Cu causes thermal induced MRS 
of IInd order. The fact that the thermal expansion coefficient of Cu is larger than that of Fe, 
causes compressive MRS of IInd order in the -Fe matrix. The MRS of IInd order will not 
change during the thermal ageing.  

In order to detect only the MRS induced by the precipitation of the coherent Cu 
particles and to eliminate the influence of the compressive RS of Ist order induced by 
quenching and of the MRS of IInd order, induced by coherent Cu particles the micro- 
magnetic measurements were performed in three steps as follows: Step 1 – Measurements 
after quenching – the only influence on the micro magnetic measuring quantities is due to 
the compressive residual stresses induced by quenching into water after the solution heat 
treatment (Fig. 11 – 0h/500°C: A). Step 2: Measurements after the thermal ageing, when 
coherent Cu particles form and induce micro residual stresses of IInd and IIIrd order (Fig. 11 
– 6.5h/500°C: B). Step 3: Measurements after the thermal ageing, when coherent Cu 
particles transform into incoherent Cu particles and therefore the MRS of IIIrd order 
disappear and the MRS of IInd order remain in the Fe matrix (Fig. 11 – 25h/500°C: C). 

             
Fig. 10. Schematically represented shift of the 

(MMAX ()-curve) for a higher tensile and 
compressive residual stress state respectively 

Fig. 11. Experimentally determined tensile load 
stress dependence of the maximum Barkhausen 

noise amplitude (MMAX ) of different thermal-aged 
Fe-1.0%Cu-alloys at 500°C 

Furthermore, in order to determine only the precipitation-induced MRS of IInd and 
III rd order and to eliminate the influence of the quenching, the shift () between the 
MMAX () curve measured after the thermal ageing and the MMAX () curve measured after 
the quenching was calculated. That shift represents the precipitation-induced MRS of IInd 
and IIIrd order: A - B = MRS IInd + MRS IIIrd. 

In order to determine the MRS of IIIrd order the MRS of IInd order have to be 
known. The shift between the MMAX () curve corresponding to the as-quenched state and to 
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the second thermal aged state (25h/500°C) respectively represents the MRS of IInd order 
because after 25h at 500°C the Cu precipitates transform from coherent into incoherent 
particles and the MRS of IIIrd order disappear: A - C = MRS IInd. 

The measured shift between the MMAX () curve after the first thermal ageing 
(6.5h/500°C) and the MMAX () curve corresponding to the second thermal aged state 
25h/500°C) represents the MRS of IIIrd order:  

MRS IIIrd = (A – C) – ( A – B) → MRS IIIrd = B – C        (Eq. 1) 

As Eq. 1 shows in order to determine the precipitation induced MRS of IIIrd order it 
is necessary to measure the MMAX () curve of an overaged state (Ostwald ripening) and the 
MMAX () curve during the early stage of precipitation [8]. 

3. Conclusions 

The presented results show the suitability of micro-magnetic testing methods to 
characterize the microstructure changes during material development as well as to 
characterize different kinds of ageing damage. Investigations of thermally aged and creep-
damaged 9-12Cr ferritic/martensitic steel specimens showed the suitability of the micro-
magnetic 3MA technique to characterize the microstructure changes due to chromium rich 
M23C6 carbides, MX-type and Laves phase particles during exposure at different 
temperatures and mechanical loads. The application of micro-magnetic testing methods 
provides a clear differentiation between different thermal treatment procedures to be 
applied in order to achieve the optimum microstructure features and mechanical properties. 
The micro-magnetic testing methods allow even a clear differentiation between Hiperfer 
specimens containing Laves phase particles smaller and bigger than 100 nm respectively. 
By means of a micro-magnetic procedure based on the tensile load stress dependence of the 
maximum Barkhausen noise amplitude the micro residual stresses induced by nano-sized 
coherent Cu particle were quantitaively determined without application of reference 
methods. That method is suitable for the detection of nano-sized Cu-particles (<3 nm) 
which are usually detectable only by means of high resolution microscopy techniques or 
small angle neutron scattering. 
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