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Magnetostriction data of non-oriented electrical steel is needed for calculation of deformation and vibration of electrical ma-
chine cores. It is characterised on various sample shapes using several measurement techniques which may give different results. In 
this paper, measurement results of AC magnetostriction of two commercial non-oriented steels magnetised at angles to the rolling 
direction in standard Epstein strip and disc samples are presented. Magnetostriction measured in disc samples magnetised in a two-
dimensional magnetisation system revealed that the highest magnetostriction in the sheet plane may not occur along the magnetisa-
tion direction if the material is anisotropic. Sample geometry also caused differences of magnetostriction measured in the Epstein 
and disc samples due to the form effect. The results show that magnetostriction measured in Epstein strip form should be used with 
caution for calculation of core deformation and vibration of large electrical machines. 
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1 INTRODUCTION 
 

Magnetostriction (  ) of non-oriented (NO) electrical 
steel, commonly used in electrical machine cores, is a 
source of stator core deformation and vibration [1]. It has 
been reported that magnetostriction in some grades of NO 
steel is more anisotropic than its specific power loss [2]. 
This magnetostrictive anisotropy of NO steel can create 
asymmetrical deformation around an AC machine stator 
core [3]. Anisotropy characteristics of magnetic properties 
of electrical steel are conventionally characterised in Ep-
stein strips cut at angles ( ) to the rolling direction (RD) 
and magnetised along the sample length. This is time con-
suming and a waste of expensive material. Anisotropy can 
be alternatively assessed using square or disc samples 
magnetised in a two-dimensional (2D) magnetisation sys-
tem [4]. Magnetic characteristics of grain-oriented (GO) 
electrical steel have been reported to be affected by the 
geometry-dependent demagnetisation factor [5]. Hence, 
this could cause differences in magnetostriction of NO 
steel measured in various sample shapes. This paper re-
ports the angular characteristics of two NO steels meas-
ured in Epstein strips and disc samples.    

2 EXPERIMENTAL APPROACH 

2.1 Sample preparation 
Two grades of commercial NO steels were chosen as 

listed in Table 1. Their percentage silicon contents were 
estimated from the nominal densities. Standard Epstein 
strips  (305 mm long 30 mm wide) of the 0.50 mm thick 
steel were cut from a batch of square sheets, 400 mm × 
400 mm at 10° intervals from the RD to the transverse 
direction (TD) using an electric-powered guillotine with a 
sharp blade. Three strips were cut at each angle. No heat 
treatment is required for Epstein samples of NO steel de-
livered in the finally annealed state material, except those 
used in aging tests [6]. Although the plastic and elastic 
stresses close to the cut edges of the strips were present, 
this was assumed to be consistent from sample to sample 

because of the same shearing force provided by the elec-
tric-powered guillotine. 

Two Epstein samples of the 0.35 mm thick steel were 
cut from a 500 mm × 500 mm sheet along the RD and TD 
by electric discharge machining. These samples were ini-
tially used for a comparison of effects of cutting tech-
niques on magnetostriction carried out by Klimczyk [7]. 
The samples were annealed in a nitrogen atmosphere at a 
temperature of 800° C for 2 hours. 

Each material was also cut into an 80 mm disc sample 
and four 0.50 mm holes were drilled at the centre of each 
for 20 mm long orthogonal b coils. The 0.35 mm and 0.50 
mm disc samples and the 0.35 mm thick Epstein samples 
were annealed in a nitrogen atmosphere at a temperature 
of 800° C for 2 hours to release stresses due to cutting and 
drilling. 

 

Table 1.  Physical properties of NO samples 
 
 
 

Nominal thickness 
(mm) 

Nominal density  
(kg/dm3]) 

Estimated Silicon 
Contents (%) 

0.50 7.70 2.5 
0.35 7.60 4.0 

 
 
\ 
 
 
 
 

2.2 AC magnetostriction measured on Epstein samples 
 
 

The Epstein strips were magnetised singly under sinu-

soidal induction at peak flux density ( B̂ ) from 1.00 T to 
1.70 T ± 0.005 T, 50 Hz in an AC magnetostriction meas-
urement system [8]. One end of the strip was clamped and 
no longitudinal stress was applied. Peak to peak values of 
magnetostriction (

PPMD ) along the magnetisation direc-

tion (MD) were obtained by double integration of the out-
put signal of an accelerometer fixed at the free end of the 
strip. Thus, the initial constant of the double integration 
could be neglected. Repeatability test of each strip was 
carried out 3 times and the expanded uncertainty of over 
the above flux density range without stress applied, was 
estimated to be within ± 5 %. 
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2.3 AC magnetostriction measured on disc samples 
 
 
 

Rectangular rosette foil resistance strain gauges were 
attached at the centre of each disc as shown in Fig 1 (a). 
Each 6 mm long gauge had a resistance of 120 ± 0.5 Ω 
and gauge factor of 2.10 ± 1%. Each was connected in a 
half bridge configuration with a dummy gauge for tem-
perature compensation [9]. Instantaneous flux density 
components along the RD and TD ( xb  and yb ) were calcu-

lated from the voltages induced in the orthogonal b coils. 
The samples were magnetised in a two-phase stator core 
shown in Fig. 1 (b). 

xb  and yb  were controlled independently in a LabVIEW 

program to create a net alternating magnetisation at angle 
θ with respect to the RD as shown in Fig. 2 (a). Three 
measured magnetostrictive strains a , b  and c  were 

transformed to magnetostriction components along the RD 
and TD ( RD  and TD ) and a shear magnetostriction com-

ponent between the RD and TD ( TD ). Thus, the arbitrary 

in-plane magnetostriction at angle φ with respect to the 
RD can be written as 

  cossin)(sin)(cos)(),( 22 tttt RTTDRD   (1) 

Magnetostriction along the MD is obtained by setting 
   in (1). The principal axis of magnetostriction may 

not occur along the MD as illustrated in Fig. 2 (b). The 
maximum elongation ( 1 ) and contraction ( 2 ) are then 

calculated from 
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This experiment setup is described in detail in [10]. 
Each disc was magnetised over the induction range of 
0.50 T to 1.80 T, 50 Hz and θ = 0° to 90° at 10° intervals. 
Each magnetisation condition was averaged over 50 mag-
netisation cycles to reduce any effect of random noises. 
Each was repeated five times. The expanded uncertainties 
of flux density and magnetostriction measurements of this 
system were evaluated to be ± 2 % and ± 12 % respec-
tively. 

3 RESULTS 

Figure 3(a) and (b) show deformation plots of the 
0.35 mm and 0.50 mm disc samples at b=1.70 T and 
θ = 40°. It can be observed that the principal axis of 
the 0.50 mm thick steel is far away from MD. 
Therefore, its MD  does not represent the maximum 

magnetostriction occuring in the sheet plane. 

PPMD  and peak values of 1  and 2  ( 1̂  and 2̂ ) meas-

ured in the 0.35 mm and 0.50 mm thick disc samples at 

B̂ =1.50 T are shown in Fig. 4 and Fig. 5 respectively. 

PPMD  and 1̂  of the 0.35 mm thick material are almost the 

same because its principal axis follows the MD as seen 
from the deformation plot in Fig. 3(a).  
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Fig. 1.  (a) - Locations of rosette resistance strain gauges and or-
thogonal b coils at the centre of a disc sample, (b) -Schematic dia-
gram of a disc sample placed in a magnetising yoke of the 2D mag-
netisation system 
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Fig. 2.  (a)  -Vector depicting alternating magnetisation applied 
to disc samples, (b) - Illustration of magnetostriction compo-
nents in disc samples 

(a) (b) 

TD 

RD 

5       0       -5     -10     -5      0      5 5       0       -5     -10     -5      0      5

5  

0  

-5  

-10  

-5  

0  

5  

 
 

Fig.3.  Magnetostriction components of (a) the 0.35 mm thick 
disc sample and (b) the 0.50 mm thick disc sample both at 1.70 
T and θ=40° 
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Fig. 4. 
PPMD , 1̂  and 2̂ of the 0.35 mm thick disc sample 

at 1.50 T versus θ 
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PPMD  along the RD and TD of the Epstein strips of the 

0.35 mm thick steel are compared with those measured in 
the disc sample in Fig. 6. Fig. 7 displays the angular char-

acteristic of 
PPMD  of the 0.50 mm thick Epstein and disc 

specimens at peak flux densities of 1.00 T and 1.70 T re-
spectively. 

 
 

 
 
 
 
 

4 ANALYSIS AND DISCUSSION 

4.1 Magnetostriction measured in disc samples 
 
 

The deformation plot of the 0.50 mm thick steel in Fig. 
3(b) shows an intrinsic magnetostrictive anisotropy of this 
material. It has been described in our previous work [9] 
that the magnetostriction principal axis of this material 
tries to stay close to the TD because of the anisotropy. 
This can be clearly observed if the magnetisation vector 

rotates in the sheet plane. In addition, 1̂  equals 
PPMD  at 

θ = 90° in Fig. 5 which also indicates that the magne-

tostriction principal axis prefers the TD. In contrast, 1̂  of 

the 0.35 mm thick steel is very close to its 
PPMD  at any 

magnetisation angle as shown in Fig. 4 because this mate-
rial is quite isotropic. This also corresponds to the defor-
mation plot in Fig. 3 (a). Although the nominal losses of 

thin material grades are expected to be more anisotropic 
than thicker NO steels [6], textures due to different manu-
facturing processes play an important role in anisotropy 
[10]. Also, the anisotropy constant decreases as the silicon 
content increases [11], which could provide less magne-
tostrictive anisotropy in materials having high silicon con-
tent such as the 0.35 mm thick steel. 

 
 

 
 
 
 

At θ = 90°, both materials expand along the TD and 
largely contract along the RD, which can be observed 

from the values of 1̂  and 2̂  in Fig. 4 and Fig. 5. This 

exhibits a magnetostriction characteristic of GO electrical 
steel magnetised along the TD. This can be illustrated by 
the schematic diagram of magnetostriction components of 
an ideal GO steel (only bar domains are considered) 
calculated from the saturation magnetostriction equation, 
also know as Becker-Döring equation [12]. At the demag-
netised state, domains of GO steel are by definition satu-
rated along the RD (either along the [100] or ]001[  direc-

tions). The measured magnetostriction components are 
obtained from the differences of magnetostriction before 
and after magnetisation as shown in Fig. 8, which are 

2/3 100λx  and 4/)(3 111100 λλ y , where λ100 and 

λ111 are the magnetostriction constants. For 3% Si GO 
steel, λ100=23.7 μm/m and λ111=-4.1 μm/m [12], resulting 
in RD =-35.55 μm/m and TD =14.7 μm/m. The contrac-

tions of both NO materials at θ=90° are larger than their 
elongations, which is similar to GO steel but less pro-
nounced. 

 
 

4.2 Differences measured in Epstein samples and discs 
 
 
 

Differences of 
PPMD  measured in the Epstein and disc 

samples are found in both steels. There are two possible 
causes of these differences: magnetostriction measurement 
techniques and the effect of sample shape. 

It is apparent that 
PPMD  measured in an Epstein strip 

is the bulk magnetostriction that averages over its length, 
while 

PPMD  measured in the disc sample is the localised 

value. The difference between the bulk and localised 
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Fig. 5.  
PPMD , 1̂  and 2̂ of the 0.50 mm thick disc sample 

at 1.50 T versus θ 
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Fig. 6. Comparison of 
PPMD  measured in Epstein and disc 

samples of the 0.35 mm thick NO steel 
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Fig. 7. Comparison of 
PPMD  measured in Epstein and disc 

samples of the 0.50 mm thick NO steel 
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magnetostriction in Epstein strips of conventional GO 
electrical steel was studied by Anderson et al [13]. For the 
stress free condition, it showed that localised 

PPMD  at 

three positions along the Epstein strips measured by 20 

mm long resistance strain gauges were almost the same 
and very close to the bulk value measured by piezoelectric 
accelerometers. Assuming that the average grain diameter 
of the NO steel is around 100 μm, each strain gauge cov-
ered about 60 grains, which was considerably more than 
those in the GO material. Hence, the magnetostriction 
measurement technique would not be affected by grain to 
grain variation of 

PPMD . 

Chikazumi [12] describes the form effect giving rise to 
spontaneous magnetostriction of an ellipsoid of rotation 
magnetised along its length shown in Fig. 9 (a). To mini-
mise the total energy, the demagnetisation factor should 
be decreased to reduce the magnetostatic energy NE  by 

elongating the ellipsoid. As a result, spontaneous magne-
tostriction xx  is increased whereas yy  and zz  are de-

creased as follows 
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where 0N  is the initial demagnetisation factor, k  is the 

axis ratio of the ellipsoid, 0  is the permeability of free 

space, 11c  and 12c  are the elastic moduli [12].  

The RD of the 0.50 mm thick steel is favoured, which 
is quite similar to the GO steel. Thus, the 0.50 mm thick 
disc sample can be equivalent to an ellipse shown in Fig. 
9 (b). NE  due to the magnetic anisotropy is highest when 

magnetised along the TD. Thus, rise of magnetostriction 
along the TD due to the form effect is much larger than 
that along the RD.  On the other hand, the 0.35 mm thick 
steel is quite isotropic and there is no explicit easy mag-
netisation direction in the disc form. As a result, its ge-
ometry-dependent magnetostriction is more complicated 
than that of the 0.50 mm thick steel. The form effect is 
negligible in Epstein samples because long and narrow 
shape overshadows the magnetic anisotropy. 

5 CONCLUSION 

The direction of maximum magnetostriction of an Ep-
stein strip of NO electrical steel is not necessarily along 

the strip length if the material is anisotropic. Magne-
tostriction measured in disc samples magnetised in a 2D 
magnetisation system is more convenient and requires a 
smaller amount of expensive material. However, sample 
shape could induce higher magnetostriction and magne-
tostrictive anisotropy in a disc sample or wide strip due to 
the magnetic anisotropy. Thus, magnetostriction charac-
terised in Epstein samples may cause large errors in calcu-
lation of deformation and vibration in large electrical ma-
chine cores.  Geometry-dependent magnetostriction 
should be investigated as it could be very important for 
electrical machine designers. 
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Fig. 8. Schematic diagram of magnetostriction components 
calculated from a single crystal of a Goss-textured GO steel 
(bar domains) at the demagnetised state and magnetisation 
along the TD 
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Fig. 9. (a) - Demagnetisation factor in an ellipsoid of rotation 
[12], (b) - Equivalent shape of the 0.50 mm disc sample due to 
the magnetic anisotropy 


