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The performance and degree of efficiency of industrial transformers are directly influenced by the

magnetic properties of high-permeability steel laminations (HPSLs). Industrial transformer cores are

built of stacks of single HPSLs. While the insulating coating on each HPSL reduces eddy-current losses

in the transformer core, the coating also induces favorable inter-granular tensile stresses that signifi-

cantly influence the underlying magnetic domain structure. Here, we show that the neutron dark-field

image can be used to analyze the influence of the coating on the volume and supplementary surface

magnetic domain structures. To visualize the stress effect of the coating on the bulk domain formation,

we used an uncoated HPSL and stepwise increased the applied external tensile stress up to 20MPa. We

imaged the domain configuration of the intermediate stress states and were able to reproduce the origi-

nal domain structure of the coated state. Furthermore, we were able to visualize how the applied

stresses lead to a refinement of the volume domain structure and the suppression and reoccurrence of

supplementary domains.VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4939196]

High-permeability steel laminations (HPSLs) are highly

anisotropic grain-oriented electrical steels having a sharp

(110) [001]-texture, the so-called Goss-texture.1 This texture

leads to desired magnetic properties for use as transformer

core material.2–5 A typical HPSL is between 0.23mm and

0.35mm thick and is coated by a glassy magnesium silicate

layer. This insulating coating reduces core losses in stacked

transformer cores. The coating also has significant impact on

the magnetic domain structure of the HPSL, which deter-

mines the performance of the transformer.5–9

Most commonly, HPSLs are investigated and character-

ized by inductive B-H-hysteresis-measurements devices.

This technique reveals global magnetic properties such as

magnetic hysteresis, saturation, and losses.10 Locally

resolved information about the underlying, determining

domain structure cannot be obtained by this method. The

surface domain structure is predominantly studied with Kerr-

microscopy investigations.11 The limited information depth

of 20 nm only allows for indirect interpretation of the inter-

nal volume domain structures. Furthermore, the field of view

is limited to a few millimeters. Perhaps, the biggest disad-

vantage of Kerr microscopy is that the coating must first be

removed from the HPSL. To overcome these drawbacks, we

conducted neutron grating interferometry (nGI) experi-

ments.12 The neutron dark-field image (DFI) allows for the

visualization of the bulk magnetic domain structure in

two13–15 and three16 dimensions. The nGI technique is estab-

lished as a routine method in neutron imaging and used at

facilities around the world.12,17–19 Here, we report on the

localized visualization of the impact of the insulating coating

on the magnetic domain structure for both volume and sur-

face domain structures. We performed nGI experiments on

the in-situ visualization of the magnetic domain response for

externally applied tensile stresses in an uncoated HPSL.

The nGI experiments were carried out at the Swiss

Spallation Neutron Source (SINQ) using the cold neutron

imaging facility ICON.20 The setup used for the measurements

is schematically shown in Fig. 1. An absorbing source grating,

G0 (periodicity: p0¼ 1076lm), is placed in a monochromatic

neutron beam with a wavelength of 4.1 Å (Dk/k� 15%) pro-

vided by a velocity selector. The source grating produces an

array of periodic line sources that provide sufficiently high spa-

tial coherence when illuminated with a large centimeter-sized

FIG. 1. Schematic drawing of neutron grating interferometer for the in-situ

visualization of the magnetic domain response for externally applied tensile

stresses. The source grating, G0, is placed at distance l in front of the phase

grating, G1. The analyzer grating, G2, is located at the Talbot distance dt
behind G1. The HPSL is mounted in a uni-axial tensile loading machine

directly in front of G1. Images are formed by a conventional neutron detec-

tion system based on a scintillator screen and a digital camera.
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neutron beam. After a distance of l¼ 5.23m, a second grating

(phase grating), G1 (p1¼ 7.97lm), is placed. The phase gra-

ting introduces a phase modulation onto the incoming neutron

beam, which is afterwards transferred into an intensity oscilla-

tion at distance dT after G1, as a consequence of the Talbot

effect.21 The third grating G2 (p2¼ 4lm) analyzes this inten-

sity pattern in combination with a state-of-the-art neutron

imaging detection system. The images were recorded using a

100lm thick 6LiF/ZnS scintillator screen and a digital camera

[Andor NEO sCMOS, 2160� 2560 pixels, pixel size: 6.5lm].

The effective spatial resolution of 70lm was determined by

intrinsic blurring of the scintillation screen22 and penumbra

blurring caused by the sample to detector distance of 3 cm.

The HPSL sample is mounted in a uniaxial tensile loading

machine which is placed as close as possible in front of G1.

The applied force is measured by a load cell [Soemer 614]

with an accuracy of 0.5N.

In Fig. 2(a), a conventional transmission image (TI) of a

coated HPSL is shown. The 300lm thick HPSL, which is an

iron alloy with approximately 4% silicon, provides a weak but

homogeneous contrast. In contrast to the attenuation based TI,

the DFI is related to multiple refraction of unpolarized neu-

trons at magnetic domain walls.13–15 Further information about

the contrast origin and data processing can be found in

Ref. 13. The corresponding DFI of the coated HPSL is shown

in Fig. 2(b). A pronounced heterogeneous contrast with sharp

features is observed. The vertical black line patterns represent

elongated magnetic volume domains, while the lines them-

selves are the domain walls. It is known5 that the magnetiza-

tion of the volume domains in HPSLs points along the

magnetic easy axis. The magnetic easy axis is the [001]-direc-

tion of the crystalline structure and points along the vertical

axis in the DFI. These volume domains are found with a do-

main wall distance larger than the detector resolution. They are

consequently visualized individually.13,14 Furthermore, a circu-

lar area with a decreased DFI signal is found in lower right

part in the DFI. This is a misoriented grain where supplemen-

tary domains are generated to reduce magnetic stray fields.5

These supplementary domains, with a domain wall distance

smaller than the detector resolution, contribute to an average

degradation of the DFI signal. This DFI signal reduction is

interpreted as a higher relative density of domain walls.15

The same HPSL in its uncoated state (procedure for the

uncoating is described in Ref. 23) is shown in Fig. 2(c).

Here, the DFI reveals qualitatively similar features but three

noteworthy differences occur: (i) Grain boundaries become

more visibly pronounced because some main domains are

interrupted at the boundary. Additionally, small grain

boundary domains are created at these boundaries (visible

in the upper part of the DFI). (ii) The volume domain struc-

ture shows an increased domain width, clearly visible on

the left side of the misoriented circular grain. (iii) Most

notably, parts of the supplementary domains inside the cir-

cular grain vanish. It is known that the protective coating

applies planar tensile stresses on the HPSL. They act as

effective uniaxial tensile stresses in the rolling direction

due to the sharp Goss-texture. These stresses, in combina-

tion with the inverse magneto-strictive effect, favor the

[001]-direction compared to the transversal magnetic easy

axis of the material. This leads to a suppression of supple-

mentary domains.5 Accordingly, a removal of the coating

implies a removal of tensile stresses. Consequently, the

stress removal explains the occurrence of the supplemen-

tary domains at the grain boundaries in Fig. 2(c). The wider

volume domain structure is also explained by the presence

of the supplementary domains in the uncoated state. In the

coated state, the magnetic stray fields are reduced by a

refined volume domain structure. In the uncoated state, the

stray fields can be compensated by the formation of supple-

mentary domains, allowing for a wider volume domain

structure. The supplementary domains in the circular grain

being not suppressed in the coated state in Fig. 2(b) can be

explained by a large misorientation of this grain. The heter-

ogeneous reduction in contrast in this area after the coating

is removed is an unexpected behavior. The reason for its

occurrence remains unclear and does not fit into existing

magnetic models.

As seen in Fig. 2, the removal of the coating signifi-

cantly changes the underlying magnetic domain structure.

This is seen by comparing the domain structures of the initial

(uncoated) and final (coated) states. To analyze the stress de-

pendent magnetic domain formation in more detail, we step-

wise applied external mechanical forces. Starting from the

uncoated stress-free state, we investigate the transition via

the intermediate stress states up to the reoccurrence of the

domain structure of the final coated state. The experimental

results of the stress-dependent domain formation of the

uncoated HPSL are shown in Fig. 3.

In our experimental conditions, the externally applied

force is completely transferred into stress since no deforma-

tion of the HPSL is observed. In Ref. 7, it is shown that

typical values of applied stresses are in the range of up to

FIG. 2. (a) TI of the coated HPSL

showing a weak and homogeneous

contrast. (b) DFI of the same coated

HPSL showing a pronounced contrast

with dedicated features. Dark vertical

lines represent magnetic domains

walls, and dark areas visualize the ex-

istence of supplementary domains. (c)

DFI of the same HPSL in its uncoated

state. The volume domain as well as

the supplementary domain structure

has changed.
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several tenths MPa. The cross section of the HPSL is

0.3mm� 30mm¼ 9mm2. To realize an applied stress of

r¼ 10MPa, a force of F¼ 90N is needed. The maximum

applied stress in our experiments was 20MPa. This is far

below a plastic deformation of the HPSL, since the yield

strength of a HPSL is larger than 300MPa;24 hence, the con-

ditions remain within the elastic regime.

In Fig. 3(a), the DFI of the uncoated HPSL without

applied stress (r¼ 0MPa) is shown. It serves as both the ini-

tial and reference point for the comparison of the domain

structure of the following different stress states. Fig. 3(b)

shows the HPSL with r¼ 1MPa applied stress. Already

applying this small stress leads to a refinement of the

volume domain structure. This can be clearly seen on the

left side of the misoriented grain. Increasing the stress to

2.5MPa—Fig. 3(c), 7.5MPa—Fig. 3(d), 10MPa—Fig. 3(e),

and 20MPa—Fig. 3(f) leads to further mutations of the vol-

ume and the supplementary domain structure. The changes in

the volume structure do not manifest in a further refinement.

Changes are clearly visible, but the average domain wall spac-

ing does not show a trend and is roughly constant. It can be

stated that the refinement process of the volume domain struc-

ture is predominantly happening when small stresses are

applied. This can be seen in comparison to the coated state in

Fig. 3(g). It can also be seen that as applied stress is increased,

the visibility of the grain boundaries is reduced by the grain

boundary domain density being decreased here. The grain

boundaries are nearly invisible in the DFI with a stress of

20MPa Fig. 3(f) similar to that observed in the coated state in

Fig. 3(g). Most notably, the supplementary domain structure,

together with the underlying volume domain structure in the

misoriented grain, reappears at an applied stress of only

r¼ 1MPa as shown in Fig. 3(b).

The application of increasing stresses leads to a more

pronounced contrast of the misoriented grain in the corre-

sponding DFI. The analysis of this effect is better illustrated

in Fig. 4. The average dark-field values in the misoriented

grain (green circle in the inset) are plotted versus the applied

stresses. The red line in Fig. 4 represents the final DFI value

of the coated HPSL. The grain in the uncoated HPSL in the

stress-free state has a DFI value of 0.74. The DFI value

decreases as applied stress gradually increases. The repro-

duction of the initial DFI value from the coated HPSL is

achieved with an applied stress of 20MPa. Because the aver-

age DFI signal is a measure of the relative domain wall den-

sity, the magnetic domain structure in the coated state can be

FIG. 3. (a) Uncoated HPSL without

externally applied stress. (b)–(f) Increas-

ing applied stresses up to 20MPa lead

to a refinement of the volume domain

structure, the suppression of grain

boundary domains at grain boundaries,

and a reoccurrence of the domain struc-

tures in the misoriented grain. (g)

Coated HPSL without applied stress.

FIG. 4. Stress-dependent supplementary domain formation in the misor-

iented grain (area marked by the green circle in the inset). The DFI value for

the coated state (red line) is reproduced at 20MPa.
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reproduced to a similar degree in the misoriented grain.

Interestingly, the supplementary domain structure is repro-

duced at significantly higher stresses than those required for

the refinement of the volume domain structure.

In this article, we have shown how the neutron grating

interferometry technique can be used for the in-situ visual-

ization of stress-dependent volume and supplementary mag-

netic domain formation of a high-permeability steel

lamination. We investigated the impact of removing the

HPSL coating (and subsequent elimination of stress) on

changes in the underlying domain structures. In particular,

we analyzed the stress-dependent recovery of the domain

structures under applied external forces. Both volume and

supplementary structures were reproduced. Volume domains

were reproduced at small stresses, whereas the supplemen-

tary domain structure in the misoriented grain was recovered

at maximum applied stress values. The DFI findings pre-

sented here have the potential to further improve the proper-

ties of HPSLs and to improve existing approaches in the

field of descriptive models for bulk macro-magnetic

phenomena.
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