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A B S T R A C T   

The effect of carbon on the persistence of the slip in Fe–3 mass% Si was investigated. We applied micro-sized 
cantilever bending tests to obtain ψ–χ relationships that enable quantitative analysis of the persistence of the 
slip. It was demonstrated that the result from decarburized specimens using this method is consistent with those 
obtained in previous studies from bulk-sized tensile test specimens. This novel method eliminates the difficulty of 
preparing bulk-sized single-crystal specimens for investigating the persistence of the slip. The persistence of the 
slip weakened in aged specimens containing 0.016 mass% C and disappeared in quenched specimens with the 
same carbon content, where wavy slip bands were observed. The reason for these changes in the macroscopically 
apparent slip plane is explained by the assumption that the frequency of nucleating kink-pair in the competitive 
{110} planes is a function of the resolved shear stress.   

Electrical steel sheets are used for the core materials of motors and 
transformers. The conversion efficiency of electrical equipment de
teriorates owing to iron losses caused by eddy current and hysteresis 
losses. One countermeasure to reduce eddy current loss is to add silicon; 
therefore, Fe–Si alloys are widely used for these electrical steel sheets 
[1–3]. A characteristic mechanical property of Fe–Si alloys is the 
persistence of the slip, which is observed as straight slip bands on a 
specimen surface after plastic deformation. In pure iron, wavy slip bands 
are generally observed on the specimen surface after plastic deforma
tion—the so-called pencil glide [4,5]. It is reported, based on experi
mental data, that slip bands become straight on {110} plane as the 
silicon content in the iron increases [6–9]. In addition to silicon, other 
elements also influence the persistence of the slip. Takenaka et al. [10] 
investigated slip traces of tensile specimens after plastic deformation in 
detail using polycrystalline Fe–3 mass% Si with carbon contents of less 
than 0.0005 mass% and 0.016 mass%. They reported activation of 
multiple slip systems of the {110}, {112}, and {123} planes in the 
specimens with 0.016 mass% C; in contrast, slip persisted on the {110} 
planes in the specimens with the carbon content less than 0.0005 mass 
%. This result indicates that the presence of carbon in polycrystalline 
Fe–3 mass% Si weakens the persistence of the slip due to the enhance
ment of cross-slip. It is still ambiguous, however, whether the change in 

the persistence of the slip is due to the cementite or solute carbon in 
grains or those on grain boundaries. Therefore, it is essential to quan
titively determine the persistence of the slip. 

However, studies on the persistence of slip have been limited [7-9, 
11-15]. One reason for the lack of investigation of this phenomenon is 
the difficulty of specimen preparation because single crystals are 
required for the experiments. To overcome this difficulty, we applied a 
novel experimental method that uses micro-sized cantilever bending 
specimens fabricated using a focused ion beam to investigate the 
persistence of the slip, which enables single crystalline specimens hav
ing a different tensile direction to easily be obtained from a single grain 
of a polycrystalline specimen such as micro-pillar specimens [15–29]. In 
the present study, we determined the effect of carbon on the magnitude 
of persistence of the slip in Fe–3 mass% Si using micro-sized cantilevers. 
ψ–χ relationships which enable quantitative analysis of the persistence 
of the slip were obtained. 

Here, the meaning of the ψ–χ relationship is briefly reviewed. Fig. 1 
(a) shows a near-centre region on a [001] standard stereographic tri
angle. Supposing that the tensile direction is set in the direction marked 
× in the standard stereographic triangle, the slip direction determined as 
the [111] direction. With this geometry, it is expected that the slip plane 
would be one of the planes in the great circle connecting the [112] and 
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[211] directions. The plane with the highest resolved shear stress is 
denoted as A in Fig. 1(a). Plane A is called the maximum shear stress 
plane (MSSP). Here, the angle between the MSSP and the (101) plane is 
defined as χ. The angle between the apparent slip plane and the (101)
plane is defined as ψ. The signs of ψ and χ are defined as positive when 
MSSP and the macroscopically apparent slip planes are between the 
(101) plane and the (211) plane, and as negative when they are between 
the (101) plane and the (112) plane. The result of ψ = χ indicates that 
the MSSP and the macroscopically apparent slip planes are identical; 
hence, the slip planes are not persistent and dislocations frequently 
cross-slip. The result of ψ ∕= χ indicates that slip planes persist and cross- 
slip is suppressed. Here, it is to be noted that the macroscopically 
apparent {112} slip planes, and other non {110} slip planes are formed 
with the combination of two different {110} planes from an atomistic 
point of view. 

We used 3 mass% Si steel containing 0.016 mass% C annealed at 
1273 K for 60 s after hot rolling as the starting material. The material 
was cold rolled with a reduction of 25% after the annealing. The 
following heat treatments were applied to the starting material to obtain 
three types of test specimens. The specimen denoted as ULC (ultralow 
carbon) was quenched into ice water after recrystallization at 1373 K for 
300 s, followed by decarburization at 1023 K for 18 ks. The carbon 
content of ULC after the decarburization was less than 0.0005 mass%. 
The second specimen, denoted as CA (carbon-bearing with ageing), 
contained 0.016 mass% C in 3 mass% Si steel and was annealed at 673 K 
for 86.4 ks and cooled in the furnace to promote cementite to precipitate 
coarsely followed by quenching into ice water after recrystallization at 
1373 K for 300 s. The third specimen, denoted as CQ (carbon-bearing 
with quenching), contained 0.016 mass% C in 3 mass% Si steel and was 
quenched into ice water after recrystallization at 1373 K for 300 s. 

Crystal orientations were determined using electron backscatter 
diffraction (EBSD) and used to choose appropriate grains to make micro- 
sized cantilevers which were fabricated using a focused ion beam. The 
cantilever size is shown in Fig. 2(a), where the length, width, and 
thickness of the cantilevers were 15, 7, and 4 µm, respectively. Several 
cantilevers were cut from within the grain in different longitudinal 
orientations, as shown in Fig. 2(b). In the bending tests, the edge of the 
cantilever was pushed by a flat-punch-type indenter at room 

temperature to apply tensile stress on the top surface of the cantilever 
with a nano-indentation tester. The indenter tip moved down 1.5 µm 
after contact with the cantilever at a rate of 15 nm/s. The slip traces 
were observed using SEM and their directions were analysed with EBSD 
patterns. 

Fig. 3(a)–(c) show top views of scanning electron microscopy images 
of the micro-sized cantilevers after bending tests for ULC, CA, and CQ. 
The root of the cantilever locates the right side of each image. The 
vertical marking remaining on the cantilever surface at the near left edge 
results from contact with the flat-punch-type indenter. As the flat-patch 
indenter is not a prism but a truncated square pyramid, the ridge of the 
pyramid of the indenter digs into the sample during the loading. Slip 
traces are shown as yellow lines in Fig. 3. The values of ψ were deter
mined from slip traces which were located the furthest distance from the 
cantilever root to avoid a complex stress state near the cantilever root. It 
is reasonable to assume that slip deformation occurs under uniaxial 
tensile stress on the top region of the cantilever far from the root. The 
values of ψ of the specimens in Fig. 3 were determined as 14◦, 16◦, and 
23◦ for ULC, CA, and CQ, respectively. These results suggest that the 

Fig. 1. Schematic drawing of ψ–χ relationship in a standard stereographic 
triangle. Point × indicates the tensile direction. The [111] direction is the slip 
direction. Capital letter A indicates the maximum shear stress plane; Capital 
letter B indicates the apparent slip plane. 

Fig. 2. (a) Enlarged image of a micro-sized cantilever. Tensile direction on the 
top surface and standard specimen dimensions are denoted. (b) Micro-sized 
cantilevers within a grain. Several cantilevers were fabricated within a grain, 
where red arrows show different longitudinal directions of the cantilevers to be 
investigated. 
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persistence of the slip is the strongest in ULC, and the weakest in CQ. 
Actually, the slip traces were straight in ULC, as shown in Fig. 3(a), 
while they tend to be wavier in CA and CQ as shown in Fig. 3(b) and (c). 
In order to investigate the magnitude of the persistence of the slip 
quantitatively, ψ–χ relationships were obtained for different tensile di
rections within each specimen. 

Fig. 4(a), (b), and (c) show the ψ–χ relationships obtained from ULC, 

CA, and CQ, respectively. The horizontal axis indicates χ, i.e., the angle 
between the (101) plane and the MSSP; the vertical axis indicates ψ, i.e., 
the angle between the (101) plane and the apparent slip plane. As 
mentioned previously, the deviation of |ψ| from |χ| indicates the 
magnitude of the persistence of the slip. Fig. 4(a) shows that |ψ | < |χ|
for − 25∘ < χ < 25∘ in the ULC specimen, indicating that the slip 

Fig. 3. Top views of scanning electron micrographs of micro-sized cantilevers after bending tests. Yellow lines are the slip traces used to determine the value of ψ. (a) 
ULC and χ = − 12∘, (b) CA and χ = 21∘, and (c) CQ and χ = 21∘ 
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plane persisted on the (101) planes. The magnitude of the persistence of 
the slip is stronger for 0∘ < χ (anti-twinning direction) than that for χ <
0∘ (twinning direction). This result is good agreement with that obtained 
for bulk-sized single crystalline Fe–3 mass% Si [9], the data for which 
are superimposed in Fig. 4(a). This good agreement demonstrates that 
the micro-sized cantilever bending tests gave identical results to those 
obtained for bulk-sized single crystals. Note, the ψ - χ relationships were 
obtained assuming the state of the stress is a simple uniaxial tensile 
stress along the micro-cantilever owing to the following reasons. (i) FEM 
model reflecting the experimental cantilever shape shows that the first 
principal stress on the top surface of the cantilever has tensile stress 
along the cantilever except for near the root of the cantilever. (ii) Slip 
bands which are the furthest from the notch root were used for the 
determination of ψ to minimise the influence of the complexity of the 
stress state due to the notch root. (iii) The ψ - χ relationship obtained in 

this study in Fig. 4(a) is consistent with that obtained from regular 
tensile tests. 

Fig. 4(b) shows that plots of ψ were located closer to the line of ψ = χ 
than those in Fig. 4(a), which indicates that the magnitude of the 
persistence of the slip on the (101) plane in CA is weaker than that in 
ULC. Fig. 4(c) shows that the plots of ψ are located almost on the line of 
ψ = χ for the entire range of χ, which indicates that the slip plane and 
MSSP are identical, i.e., slip does not persist on the {110} planes at all. 
As mentioned, it is reported that the magnitude of the persistence of the 
slip depends on the amount of solute silicon. The heat treatments 
applied in this study should not influence the state of the solute silicon 
because the temperature was low enough. Therefore, it is expected that 
the change in the magnitude of the persistence of the slip is related to the 
differences in the state of carbon in the specimens. 

Fig. 5(a)–(c) show bright-field transmission electron micrographs 
from ULC, CA, and CQ, respectively, prior to bending tests. ULC had no 
cementite resulting from the well decarburizing. It is regarded that ULC 
rarely contains solute carbon. CA had coarsely precipitated cementite 
plates with a width of approximately 100 nm, suggesting CA also rarely 
contains solute carbon. CQ had densely distributed spherical cementite 
with a diameter of less than 20 nm. This morphology of the cementite 
indicates that the carbon was not completely supersaturated after 
quenching and precipitated as fine spherical cementite [30,31]. It is also 
assumed that CQ contains a large number of solute carbons. 

Here, we discuss the reason why the magnitude of persistence of the 
slip is in the order of ULC > CA > CQ, i.e., how the state of the carbon 
influences the persistence of the slip. Although some models have been 
presented [8,32,33], the mechanism behind the enhancement of the 
persistence of the slip by addition of silicon itself has not yet been 
clarified. It is to be noted that even macroscopically apparent slip planes 
are such as {112}, {123}, or others, the slip planes were formed with the 
combination of competitive {110} planes atomistically. Monte carlo 
molecular dynamics simulation shows that the persistence of the slip is 
due to the formation of cross-kink, where kink-pair formed on different 
{110} planes meet and extinguish with forming a vacancy or interstitial 
atoms [34,35]. When applying this model to the present case, the exis
tence of cementite should rather decrease the frequency of the formation 
of cross-kink to explain the experimental results that the persistence of 
the slip is supressed, i.e., more frequent cross-slips, by the cementite. 
However, cementite does not influence the thermally activated process 
of kink-pair nucleation, so that the existence of cementite should not 
influence the formation of kinks as the thermally activated process. 
Therefore, the cross-kink model is hard to explain the results obtained in 
this study. 

The experimental data obtained in this study can be explained by the 
assumption that the persistence of the slip is a function of the effective 
shear stress. Edagawa et al. [36] analytically showed that the frequency 
of kink-pair nucleation among the competitive {110} plane is a function 
of the effective stress. They showed that the change rate of the potential 
with shear stress depends on the direction of the applied shear stress, 
resulting that the frequency of the kink-pair nucleation depends on the 
effective shear stress as a thermally activated process. If the effective 
stress is small, the difference in the frequency of the kink-pair nucleation 
in two competitive {110} planes is small, resulting in a small difference 
in the corresponding kink-pair nucleation probabilities among those 
{110} planes. On the contrary, if the effective stress is large, the dif
ference in the frequency of the kink-pair nucleation in competitive 
{110} planes is large, resulting in a large difference in the corresponding 
kink-pair nucleation probabilities in competitive {110} planes. If the 
level of the effective stress is as the order of CQ (carbon-bearing with 
quenching) < CA (carbon-bearing with ageing) < ULC (ultralow car
bon), it can explain the experimental results. 

Here we briefly discuss the effect of interstitial carbons on the 
persistence of the slip. Nakanishi et al. [37] reported, with silicon-free 
steels, that the microstructure of cold-rolled low-carbon steel is 

Fig. 4. ψ–χ relationships obtained from micro-sized cantilever bending tests. 
The straight lines in the figure indicate ψ = χ. (a) ULC, including results of bulk- 
sized single crystals from Taoka et al. [9], (b) CA, (c) CQ. 
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different from those of Ti-added ultralow-carbon steel which is expected 
to be interstitial-carbon free. They showed TEM images of dislocation 
microstructures of deformed grains having the same orientation seen 
from a transverse direction after 70% in thickness reduction by cold 
rolling, demonstrating that dislocation cells grew in Ti-added ultra
low-carbon steel while ambiguous dislocation cells grew in low-carbon 
steel. These suggest that the frequency of cross slip is higher in 

Ti-added ultralow-carbon steel than that in low-carbon steel, that is, 
solute carbons seem to suppress the frequency of cross slip. However, it 
is considered that Ti-added ultralow-carbon steel contains TiC, so it is 
necessary to have further experiments to obtain ψ–χ relationships of 
low-carbon steels with different interstitial carbon atoms to distinguish 
the effects of solute C and solute Si on the persistency of the slip in Fe. 

In conclusion, it was demonstrated that the micro-sized cantilever 
bending is a novel method to investigate the persistence of the slip and 
the results are consistent with those obtained by conventional mea
surements using bulk-sized single crystals. The method described in this 
study has the advantage that single crystals are not necessary for the 
study. It was also determined from the ψ–χ relationships obtained by 
micro-sized cantilever bending that the magnitude of the persistence of 
the slip is the strongest in a decarburized Fe–3 mass% Si and weakest in 
quenched carbon bearing Fe–3 mass% Si. The weakening of the persis
tence of the slip in the carbon bearing Fe–Si alloys can be explained by 
the assumption that the frequency of nucleating kink-pair in the 
competitive {110} planes is a function of the resolved shear stress. 
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