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Strain-induced magnetism is observed after severe high-temperature deformation in a gas 

turbine blade made from nickel-based superalloy. The appearance of ferromagnetic ordering in the 

initially paramagnetic alloy results from the formation of magnetic clusters inside the cuboids of the 

strengthening intermetallic phase (Ni3Al). The change in the values of magnetic susceptibility  

correlates with the change in the level of dynamic stresses and the number of stacking fault defects 

in different parts of the blade.  
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1. Introduction 

It is known that deformation-induced ferromagnetism was observed in several intermetallic 

compounds, including Ni3Al [1–3]. The phenomenon is that an initially paramagnetic alloy be-

comes ferromagnetic at high degrees of deformation. According to modern notions, this phenome-

non is not due to the formation of any new phase, and the term “magnetic cluster” is used to de-

scribe it. Superparamagnetic state is practically observed in alloys [4]. The annealing of deformed 

samples restores paramagnetic properties. All the cases of deformation-induced ferromagnetism re-

ported in the literature are associated with cold deformation (e.g., cold rolling). It was previously 

shown by the authors of this work that strain-induced magnetism may occur after high-temperature 

deformation [5, 6]. 

The purpose of this paper is to attempt to understand the nature of the strain-induced mag-

netism phenomenon in Nickel superalloys after severe high-temperature deformation. 

2. Experiment 

Structural and magnetic tests were performed with an as-cast polycrystalline gas turbine 

blade made from the EP-800 alloy. The analyzed blade failed due to the impact from the fragments 

of another blade, which had collapsed during turbine operation with increased rotational speed and 

temperature raised to 880 С. The blade operation time was 9360 h (nearly 13 months). The initial 

state of the blade material was estimated by a sample after stepwise heat treatment according to the 

technical regulations [7] in four annealing stages: 1160 C for 5 h, 1060 C for 2 h, 1000 C for 2 h, 

850 C for 16 h. Each stage was followed by air cooling.  

The structural and magnetic studies were conducted at the collective centers of the Institute 

of Metal Physics. We used a JEM-200CX transmission electron microscope to study the fine struc-

ture and a JSM 6490 scanning electron microscope analyzer to determine the redistribution of the 

chemical elements.  

The magnetic tests were performed at room temperature using an original nondestructive 

testing device designed for magnetic susceptibility measurements. The sensitivity of the device is 

± 110
–4

. The results were processed with the use of calibration samples. A Lake Shore 7407 vibrat-
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ing magnetometer was also used for magnetic measurements as an attested standard method for the 

verification of magnetic susceptibility measurements. The measurements were performed at a fre-

quency of 82 Hz. The vibration amplitude was 1.5 mm; the relative measurement error was 1 %. 

The chemical composition of the investigated EP-800 superalloy is shown in tab. 1.  

Table 1  The chemical composition of the investigated nickel-based alloy, wt. % 

Cr Mo W Al Co Nb C Fe 

12.2 6.0 7.4 4,5 9.5 2.2 0.05 1 

3. Results and discussion 

The study was conducted on the EP-800 nickel superalloy widely used in the Russian power 

industry [7]. The structure of EP-800 consists of a nickel solid solution, 40 % of the strengthening 

-phase (Ni3Al), and a small amount of carbides (2 %). All the phases are paramagnetic at room 

temperature. The EP-800 blade retains its paramagnetic state within the entire standard operating 

period. The upper limit for the EP-800 blades is 900 С, with the working temperature of 800 С 

(standard regime) and the warranty operation time of 27000 h. We have not found information 

about any change in the magnetic behavior of the EP-800 superalloy after operation under standard 

conditions within the warranty period. 

The main way of increasing the thermal efficiency and output power of the new-generation 

gas turbines is to increase the operating temperature and turbine rotation speed [8]. A turbine blade 

scheme is shown in fig. 1. It is well known [10] that dynamic stresses and temperature are maximal 

in the convex part of the turbine blade airfoil, at the site termed the suction side (airfoil back).  

Another place with high stresses is the leading edge of the airfoil. The blade lock is mainly affected 

by heat. 

 

Fig. 1. Turbine blade scheme 

The studied gas turbine blade was broken during operation by impact from the fragments 

of another blade. The results of magnetic measurements are shown in fig. 2 for the upper part of 

the blade airfoil. The initial sample has a low value of magnetic susceptibility,  = 410
–4

. Our 

previous studies showed that in turbine blade areas with a high stress level there is an increase 

in magnetic susceptibility by two orders of magnitude during operation under forced conditions 

[5–6]. In our case, the values of magnetic susceptibility in the blade airfoil change from 20 10
–4 
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to 60010
–4

 (increase during operation). In the impact area, the magnetic susceptibility values 

increase to 140010
–4

. 

3.1 The results of X-ray microanalysis 

The diffusion redistribution of the alloying elements was made on the airfoil cross section 

(fig. 2). The measurements were made at 12–16 points of the sample along scheme lines 1–3 and 

processed statistically (see fig. 2). Tab. 2 shows the results of the chemical redistribution of the al-

loying elements in the superalloy affected by high temperature and stresses. The results demonstrate 

that the diffusion redistribution of the chemical elements inside the blade are suppressed significant-

ly by alloying. Apparently, the magnetic effect is not associated with the redistribution of the chem-

ical elements under deformation. 

 

 
 

Fig. 2. A scheme of the cross section of the sample cut out from a blade airfoil 

Table 2  The chemical composition of different parts of a blade airfoil after operation 

No. Ni Cr Fe Al Mo W Co Nb 

1 57.6 12.2 1.1 4.5 6.0 7.1 9.5 2.2 

2 56.7 11.9 1.0 4.2 6.8 7.7 9.1 2.3 

3 56.5 12.3 1.0 4.4 6.4 7.4 9.6 2.2 

 

The protective Cr2O3 oxide layer forms on the entire blade surface due to a high chromium 

content in the EP-800 superalloy. The Cr2O3 oxide is antiferromagnetic with a low value of magnet-

ic susceptibility.  

The only exception is the suction side. Table 3 presents the chemical composition of the  

oxide film in this place (see fig. 2, part 4). A local increase in iron concentration and a decrease in 

chromium concentration owing to diffusion under stress lead to the formation of the Fe3O4 ferro-

magnetic oxide. 

Table 3  The chemical composition of the oxide layer on the surface of the suction side 

No. Ni Cr O Fe Al Mo W Co Nb 

4 43.6 4.6 13.5 6.2 7.2 3.6 1.3 3.2 2.3 

 

The magnetic technique does not allow us to separate the formation of the surface ferromag-

netic oxides and magnetic structure defects inside the blade material. However, both of these factors 

indicate the degradation of the alloy structure affected by high temperature. 

3.2 Measurements by a vibrating magnetometer 

Thin polished samples were cut out from the inner part of a blade airfoil (far from the oxide 

layer) to be used for magnetic measurements. The field dependence of magnetization M(H) is pre-

sented in fig. 3. The magnetization curves for the lock and the initial sample are straight lines. The 
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magnetization curves for the convex part of the blade foil and the impact area of the broken blade 

show saturation. The saturation magnetization value is higher in the blade airfoil than in the lock 

and the initial sample. The hysteresis loop is very narrow; this fact may suggest the superparamag-

netic–like behavior (fig. 3 b). The hysteresis loop becomes wider as the saturation magnetization 

value increases. It may mean an increase in the number of magnetic clusters in the material. 

 

   a b 

Fig. 3. The field dependence of blade magnetization M(H) (a) and magnetization in weak fields (b): 

1 – initial; 2 – lock; 3 – convex part of the airfoil 

3.3 Transmission electron microscopy study 

The results of transmission electron microscopy are presented in figs 4 and 5. The samples 

were cut out from the airfoil far from the oxide layer. No new phase formation was revealed in the 

inner part of the broken blade. The structure of the convex part of the airfoil shows а large number 

of defects in both the solid solution and the intermetallic -phase particles. In the area of impact, 

one can see a high defect density inside the -phase particles. The main type of defects inside the 

particles is intrinsic stacking faults. Since the intermetallic phase is well-ordered (has a superstruc-

ture), the defects belonging to it are termed superstructure stacking faults.  

The structures of the locking part of the deformed blade and the initial sample are shown in 

fig. 6. The figure shows that the -cuboids are defectless inside.  

According to data found in [9], the operation of a gas turbine blade under standard 

conditions cannot lead to the formation of stable defects inside the strengthening intermetallic 

phase particles. Under severe deformation, the formation of defects occurs inside the 

strengthening -phase cuboids. The formation of a stable defect complex inside the '-phase 

indicates the softening of the intermetallic phase [10]. Planar structural defects may change 

the atomic positions in the intermetallic crystal lattice and promote a “cluster”, a volume 

structural defect with ferromagnetic ordering [5]. 

The impression is that this cluster is not just the nanoscale area of the Nickel-based- solid 

solution, especially since the -solid solution is paramagnetic. Note that severe shear deformation 

under high pressure leads to a decrease in the long-range order in the material as a whole and that it 

is accompanied by a decrease in the magnetic susceptibility of the alloy [11]. 
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a b 

Fig. 4. The structure of different parts of a turbine blade after operation at 880 C: a – stacking 

faults in the airfoil, a bright-field image; b – high density of defects in the impact area 

 

a b 

Fig. 5. Stacking fault defects inside the particles of the intermetallic -phase in the suction side 

 

Fig. 6. The locking part of a broken blade, a dark-field image taken in the -phase reflection 
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Apparently, the L12-type ordering is destroyed inside the cluster, and a new order can be 

formed. One of the variants of cluster formation is the local rearrangement of the L12 cubic super-

structure into a long-period tetragonal lattice. This is possible if parallel stacking faults are regularly 

introduced between the planes of the cubic lattice. The simplest long-period tetragonal structure of 

this type is D022.  

This structural state is hard to study by diffraction methods, since in two directions the crys-

tal lattice coincides with cubic. Therefore, special cross-sections of a tetragonal object are required 

to obtain a characteristic diffraction pattern. 

In the case under study, microtwins are observed inside some cuboids in the impact area. 

The diffraction pattern of these objects cannot be interpreted as a diffraction pattern of FCC twin-

ning, since the long-period phase with the D022 superstructure has a tetragonal lattice with a pa-

rameter equal to approximately two parameters of the cubic phase. This assumption requires further 

structural validation. Note that the appearance of microtwins belonging to the long-period D022 

phase was previously observed [12] for the same Nickel-based superalloy after cold rolling.  

CONCLUSION 

Strain-induced magnetism is observed in a Nickel-based superalloy after high-temperature 

deformation. The appearance of ferromagnetic ordering in the initially paramagnetic alloy is con-

sidered as the formation of magnetic clusters in the material. Surface oxidation is an additional fac-

tor changing the magnetic susceptibility, and it occurs locally, in the area with a maximal stress lev-

el; however, oxidation is not the only reason for this phenomenon. 

The cluster is not a fully disordered nanoscale area of the Nickel-based -solid solution. The 

phenomenon may be associated with superstructural stacking fault defects, all the more so since 

there is the following correlation: the higher the stress level and the greater the magnetic effect – the 

more stacking fault defects in a given sample area. 

The cluster can be considered as a microscopic area with a long-period structure, for exam-

ple, with the D022 superlattice. We can suggest that the formation of this long-period phase during 

deformation is determined by the ordering of the stacking fault defects in the crystal, they being 

self-arranged during relaxation.  

The highly sensitive portative device allows one to measure the stray magnetic fields of lo-

cal magnetic areas in the material. This technique detects a low content of ferromagnetic inclusions 

in a paramagnetic matrix. The device can be used successfully both for a quick diagnostics of gas 

turbine blade damage and for scientific research. 
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