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Abstract—It is important to investigate and understand the 

magnetic properties of soft magnetic materials at cryogenic tem-

peratures for the optimal design of superconducting machines 
and superconducting transformers. The magnetic properties of 
soft magnetic materials at room temperatures have been studied 

extensively. However, there is almost no information available for 
the magnetic properties of these materials at cryogenic tempera-
tures. This paper for the first time presents the experimental re-

sults for the magnetic characterization of four soft magnetic ma-
terials from room temperature down to 21 K. The experimental 
results demonstrate that the core losses at 21 K is higher than 

room temperature for all the materials. They also show that the 
permeability of all the materials reduce at 21 K compared to 
room temperature. The optimal temperature in terms of the best 

magnetic properties is identified for each material. The data pre-
sented in this paper will provide valuable guidance for practical 
design and optimization of superconducting machines and super-

conducting transformers with soft magnetic cores.  
 

Index Terms—Cryogenics, core loss, magnetic characteriza-

tion, soft magnetic material, permeability, superconducting ma-
chine, superconducting transformer. 

I.  INTRODUCTION 

UPERCONDUCTING machines offer the significant ad-

vantage of higher power density, smaller volume, lighter 

weight and increased operating efficiencies compared to con-

ventional electrical machines [1]. The applications of super-

conducting machines include large wind turbine generators 

[2]-[5], electric aircraft and ship propulsion motors [6]-[8]. 

Superconducting transformers are also significantly smaller 

and lighter compared to conventional transformers [9]-[11]. 

Soft magnetic materials such as electrical steels or nano-

crystalline alloys are used to guide the flux and increase power 

density in superconducting machines and superconducting 

transformers. The magnetic properties of soft magnetic mate-

rials at room temperature have been studied extensively and 

reported [12]-[14]. However, there is a lack of information on 

the magnetic properties of these materials at cryogenic tem-

peratures [9]-[11], [15], [16]. The magnetic permeability and 

losses of electrical steels used in superconducting machines 

and superconducting transformers are important for efficient 

design of the devices and choice of operating conditions. An 
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accurate understanding of the behavior of these materials at 

cryogenic temperatures is crucial in optimizing the design of 

superconducting machines, superconducting transformers and 

their cryogenic cooling system.  

This paper investigates the magnetic properties of four 

small ring core samples with different soft magnetic materials 

from room temperature down to 21 K. In order to compare dif-

ferent core materials, the magnetic properties of one low loss 

non-oriented electrical steel, one non-oriented steel with en-

hanced permeability, one grain-oriented electrical steel and 

one nano-crystalline material were experimentally character-

ized. These small ring cores were placed into a commercial 

cryostat, which could be controlled to operate from 20 K to 

80 K.  

The experimental results demonstrate that that the core 

losses at 21 K is higher than room temperature for all the ma-

terials. The experimental results also show the permeability of 

all the materials reduced at 21 K compared to room tempera-

ture. These four materials however have a different sensitivity 

to variation in the temperature. The best magnetic properties 

in terms of permeability and core losses are at different tem-

peratures for these four materials. The paper will include a de-

tailed analysis of the experimental results and the implications 

for the practical design of superconducting machines and su-

perconducting transformers. 

II. EXPERIMENTAL SETUP 

A. Soft magnetic ring core samples  

Four soft magnetic ring cores were prepared by OCAS NV 

to investigate the effect of different core materials at cryogenic 

temperatures. Fig. 1 shows four ring core samples before plac-

ing into the cryostat. The physical dimension and weight of all 

four ring cores are summarized in Table I. Sample 1 is a fully-

processed, low loss non-oriented (NO) electrical steel. The 

ring core sample was made of stacked thin lamination layers. 

Sample 2 is a fully-processed, non-oriented electrical steel 

with enhanced permeability, which is also laminated. The lam-

ination thickness used in sample 2 was thicker than sample 1. 

Sample 3 is a grain-oriented (GO) electrical steel ring core 

which was produced from a stack of thin strips. The thin strips 

were wound in such a way that the material is always magnet-

ized in its preferred direction. Sample 4 is a Finemet nano-

crystalline foil produced by Metglas and was wound radially 

to form a ring core. 
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B. Test circuit 

Fig. 2 shows the schematic diagram of the magnetic meas-

urement test circuit. Each ring core sample is provided with a 

primary and a secondary winding. The magnetic measurement 

system consists of a high power linear amplifier to supply cur-

rent to the primary winding, conditioning electronics, data ac-

quisition system, measurement and control software. All 

measurements are performed with a sinusoidal flux density 

waveform in the magnetic circuit. The magnetic field strength 

in the material is obtained by controlling the primary winding 

current, whereas the voltage in the secondary winding is con-

stantly measured and integrated to give the value of flux link-

age in the magnetic circuit. The current in the primary winding 

is generated by the high power linear amplifier and controlled 

through a feedback loop in order to realize a sinusoidal volt-

age in the secondary winding. The magnetic hysteresis loop in 

the material is thus directly measured, from which the core 

losses are derived.  

The ring core samples were placed in the cryostat cylindri-

cal test space, which was filled with liquid nitrogen before 

testing. The cold head of the cryostat was connected to a 

commercial Cryomech Gifford-McMahon cryocooler [17], 

[18]. The temperature of the cryostat therefore could be con-

trolled from 20 K to 80 K using the cryocooler and a 

Lakeshore temperature controller. It should be noted that when 

the samples were tested below 63 K, the liquid nitrogen in the 

test space would freeze into solid nitrogen. This did not affect 

the experimental results as long as the sample cores had a uni-

form temperature distribution. The temperature of the samples 

was monitored by a commercial temperature sensor and three 

calibrated BAS16 diodes. The cryostat has four electrical con-

nections to the cold testing space, which limits the number of 

cores that can be tested simultaneously to three. The first three 

materials, low loss non-oriented steel, high permeability non-

oriented steel and grain-oriented steel, were tested therefore in 

the cryostat at identical conditions, whereas the fourth material 

nano-crystalline alloy Finemet was only measured at two tem-

peratures: liquid nitrogen temperature of 77 K and room tem-

perature. 

III. EXPERIMENTAL RESULT AND ANALYSIS 

The low loss non-oriented steel, non-oriented steel with en-

hanced permeability and grain-oriented steel ring core samples 

were assembled in the cryostat and the cryostat filled with liq-

uid nitrogen. The cryostat was cooled down to 21 K and grad-

ually warmed up in order to characterize the materials at dif-

ferent cryogenic temperatures. The magnetic properties of the 

low loss non-oriented steel, non-oriented steel with enhanced 

permeability and grain-oriented steel were measured at 21 K, 

42 K, 60 K, 131 K, 180 K, 289 K and 293 K, respectively and 

over a range of frequencies from 10 Hz to 400 Hz. 

Fig. 3 presents the magnetization curve for the low loss 

non-oriented electrical steel from 21 K to room temperature. 

The absolute relative permeability of the low loss non-oriented 

electrical steel is derived from the B-H loop and shown in 

Fig. 4. As the temperature reduces from room temperature of 

293 K, the permeability initially increases as the temperature 

reduces down to 131 K. When the temperature reduces further 

from 131 K, the permeability starts to reduce as the tempera-

ture reduces. The permeability remains better in the operating 

temperature range from 42 K to 289 K compared to the per-

 
Fig. 1. Picture of soft magnetic ring core samples: (a) fully-processed, low 
loss non-oriented steel; (b) fully-processed, non-oriented steel with enhanced 
permeability; (c) grain-oriented steel; and (d) nano-crystalline alloy Finmet. 
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Fig. 2. Schematic diagram of the test circuit. 

TABLE I 

DIMENSION OF FOUR RING CORE SAMPLES 

Sample 

Outer 

diameter 

(mm) 

Inner 

diameter 

(mm) 

Height 

(mm) 

Weight 

(g) 

Low loss NO steel 100 86 2 32 
NO with enhanced 
permeability 

100 86 2 32 

GO steel 90 30 30 1074 
Finemet 90 70 20 351 
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meability at room temperature. However, the permeability is 

lower at 21 K compared to room temperature. The maximum 

permeability at 131 K is almost twice the maximum permea-

bility at 21 K. 

The core losses of the low loss non-oriented electrical steel 

were measured up to 1.6 T at 10 Hz from 21 K to room tem-

perature and presented in Fig. 5. When the temperature reduc-

es from room temperature to 131 K, the core loss reduces as 

the temperature reduces. The measured core losses includes 

 
Fig. 3. Magnetization curve of low loss non-oriented steel. 

 
Fig. 4. Relative permeability of low loss non-oriented. 

 
Fig. 5. Core loss of low loss non-oriented steel. 

 
Fig. 6. Magnetization curve of non-oriented steel with enhanced 

permeability. 

 
Fig. 7.  Relative permeability of non-oriented steel with enhanced 

permeability. 

 
Fig. 8. Core loss of non-oriented steel with enhanced permeability. 
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three classical components of loss (Bertotti model): hysteresis 

losses, eddy current losses and excess loss [9]-[11]. As the 

temperature reduces, the electrical conductivity reduces, 

which results in an increasing eddy current loss and also ex-

cess loss. The hysteresis loss however has been shown in pre-

vious work to reduce due to the increasing magnetic permea-

bility [10]. The reduction of the core losses from room tem-

perature to 131 K therefore is believed to be caused by the re-

duction in the hysteresis loss due to the increasing permeabil-

ity. However, when the temperature reduces below 131 K 

down to 21 K, the core loss increases as the temperature re-

duces. As the temperature reduces, eddy current loss and ex-

cess loss continues to increase due to the lower electrical con-

ductivity. The hysteresis loss however starts to increase as 

well due to the reducing magnetic permeability. The core loss 

at 21 K is approximately 12% higher and the permeability 

 
Fig. 9. Magnetization curve of grain-oriented steel. 

 
Fig. 10. Relative permeability of grain-oriented steel. 

 
Fig. 11. Core loss of grain-oriented steel. 

 
Fig. 12.  Magnetization curve of Finemet at 77 K and 289 K. 

 
Fig. 13.  Relative permeability of Finemet at 77 K and 289 K. 

 
Fig. 14.  Core loss of Finemet at 77 K and 289 K. 
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23% lower than the room temperature values. It is clear that 

the best magnetic properties for the low loss non-oriented 

electrical steel with the highest permeability and lowest loss 

were obtained at 131 K. 

Fig. 6 and Fig. 7 show the magnetization curve and relative 

permeability of the non-oriented steel with enhanced permea-

bility from 21 K to room temperature. The behavior of the 

non-oriented steel with enhanced permeability is similar to the 

behavior of the low loss non-oriented electrical steel as both of 

them are non-oriented electrical steels. This steel was a higher 

loss steel compared to the first sample so has a larger grain 

size which reduces the hysteresis loss. The permeability again 

increases as the temperature reduces to 180 K but the im-

provement is not as pronounced due to the increased grain size 

and then starts to reduce as the temperature reduces further. 

The permeability at 21 K has reduced by 40% from the per-

meability at room temperature. The maximum permeability at 

180 K is almost twice the maximum permeability at 21 K. 

Fig. 8 presents the core loss of the non-oriented steel with 

enhanced permeability up to 1.6 T at 10 Hz from 21 K to room 

temperature of 289 K. The core loss at the temperature above 

180 K is similar to the loss at room temperature. The losses 

improve marginally as the temperature reduces initially but it 

is much less pronounced than the low-loss steel probably be-

cause the excess loss is more significant in the higher loss 

steel.  

The core loss increases as the temperature reduces below 

180 K. The core loss of the non-oriented steel with enhanced 

permeability at 21 K is approximately 40% higher than the 

loss at room temperature. The best magnetic properties for the 

non-oriented steel with enhanced permeability were obtained 

at 180 K. The higher-loss non-oriented steel with enhanced 

permeability is not suitable for cryogenic temperature opera-

tion due to significant increased core losses. Non-orientated 

steels are commonly used in electrical machines. At higher 

frequencies, the trends in the test results were similar for the 

non-orientated steels but the improved magnetic performance 

seen at intermediate temperatures, particularly in the first low-

loss sample, reduced as the frequency increased due to the in-

creasing eddy current loss component. 

Fig. 9 and Fig. 10 present the magnetization curve and rela-

tive permeability of grain-oriented from 21 K to 289 K. Grain-

orientated steels have larger grain sizes aligned along the 

magnetization directions and are used in magnetic cores (eg 

transformers) for example. The magnetization curves at the 

temperature above 60 K were all similar to the magnetization 

curve at room temperature so the reducing temperature has 

less impact on the performance of the grain-orientated steel. 

The permeability reduces as the temperature reduces below 60 

K. Fig. 11 shows the core loss of grain-oriented up to 1.9 T at 

10 Hz. The core losses of grain-oriented above 60 K are simi-

lar to the loss at room temperature. This indicates that the 

grain-oriented electric steel could be considered for high tem-

perature superconductor applications above 60 K. The core 

loss increases when the temperature reduces further from 60 

K. The core loss at 21 K is approximately 20% higher than the 

loss at room temperature. The larger grain size means that the 

hysteresis loss is reduced and the excess loss increased so the 

magnetic performance is seen to deteriorate slowly down to 

60 K and then more significantly below 60 K.  

Fig. 12 to Fig. 14 show magnetization curve, relative per-

meability and core loss of nano-crystalline alloy Finemet at 

liquid nitrogen temperature and room temperature. Amor-

phous steels have no grain structure so this leads to the remov-

al of the excess loss components. They have low hysteresis 

losses and higher resistivities so produce very low loss materi-

als; however they also have a low saturation density. The 

nano-crystalline material was also very sensitive to tempera-

ture, with a reduction in relative permeability of 20% and an 

increase in core losses of 40% when the temperature is re-

duced from room temperature to 77 K. 

 
Fig. 15.  Magnetization curve of four samples with best magnetic properties. 

 
Fig. 16.  Core loss of four samples with best magnetic properties. 

TABLE II 

MAGNETIC PROPERTIES OF FOUR RING CORE SAMPLES 

Sample 

Temperature 

of best mag-

netic proper-

ties (K) 

Core losses 

at best tem-

pera-

ture/room 

temperature 

Core losses 

at 21 K/room 

temperature 

Low loss NO steel 131 0.93 1.12 
NO steel with en-
hanced permeability 

180 1 1.4 

GO steel 289 1 1.2 
Finemet 289 1 - 

 



 

 

6 

Table II summarizes the temperature values corresponding 

to the best magnetic properties and also a core loss compari-

son for these four samples. It can be noted that the various ma-

terials have a different sensitivity to variation in temperature. 

For example, the magnetic properties of the low loss non-

oriented electrical steel vary less from 21 K to room tempera-

ture than the non-oriented steel with enhanced permeability. 

This can be explained by the fact that low loss non-oriented 

electrical steel has a higher electrical resistivity due to a higher 

silicon content than non-oriented steel with enhanced permea-

bility, whilst the variation of resistivity with temperature in 

absolute values is more or less the same for both materials. 

Therefore, the relative change in resistivity is higher in the 

non-oriented steel with enhanced permeability, resulting in a 

greater effect on losses. 

Fig. 15 presents the magnetization curve of four samples 

with best magnetic properties. Finemet has a much higher 

magnetic permeability and lower saturation flux density than 

other electric steels. Fig. 16 shows the core loss of four sam-

ples with best magnetic properties. The losses in the Finemet 

core is an order of magnitude lower than the other three mate-

rials. The two non-oriented electric steels have higher losses 

than the grain-oriented steel. The non-oriented steel with en-

hanced permeability has the worst characteristics in terms of 

magnetic losses, which is not suitable for cryogenic tempera-

ture operation due to significant increased core losses.  

In general terms the absolute relative permeability was low-

er at 21 K than at room temperature for all the materials tested. 

The permeability of grain-oriented and Finemet samples re-

duces as the temperature reduces. However, the permeability 

of the two non-oriented electrical steel are higher at intermedi-

ate temperatures between 21 K and room temperature. It was 

also observed that the core losses are higher at 21 K than at 

room temperature for all the measured materials and at all fre-

quencies. However, the core losses of the non-oriented electri-

cal steels are lower at intermediate temperatures between 21 K 

and room temperature. 

IV. CONCLUSION 

All four soft magnetic materials investigated in this paper 

has shown reduced performance in terms of permeability and 

core losses at 21 K compared to room temperature. The oper-

ating temperature to achieve the best magnetic properties has 

been identified for each soft magnetic material. 

These four materials have a different sensitivity to variation 

in temperature. The magnetic properties of the low loss non-

oriented electrical steel grade vary less from room temperature 

to 21 K than the non-oriented steel with enhanced permeabil-

ity. The greatest relative change in magnetic properties is ob-

served with the nano-crystalline alloy Finemet material. How-

ever, the losses in the Finemet core remain an order of magni-

tude lower than the other three materials. 
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