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Abstract
This paper compares the microstructure and mechanical evolution in a high-strength quenched and micro-alloyed steel dur-
ing the austenitising bending process. Simulation results indicated a new finding that the stress neutral layer (SNL) tends to 
move to the tension zone during straining. The hardness gradient detected from the centre to compression/tension zones was 
resulted from comprehensive factors: First of all, the location of SNL revealed a prominent impact on strength. Second, the 
dislocation accumulation would be responsible for the hardness gradient on the surfaces. In addition, the overall strength 
decrease during straining was mainly ascribed to integrated effects of dynamic recovery (DRV) and dynamic recrystallisation 
(DRX). Apart from that, overall smaller martensite packet size and coarser prior austenite grains resulted in the increased 
hardness value at a lower bending degree. Also, the high consistency between experimental and simulation results is instruc-
tive for the practical forming process of railway spring fasteners.

Keywords  High-strength quenched and micro-alloyed steel · Austenitising bending · Austenite reconstruction · Numerical 
simulation · Microstructure · Mechanical property

1  Introduction

High-speed railway develops rapidly and occupies a con-
siderable proportion in the world public transportation. 
Although the operating speed can reach 350  km/h, a 

superior-quality railway system is still one of the goals pur-
sued by public administrators [1]. As a connecting part of 
rail sleeper and rail steel, the railway fastening system is 
normally applied to ensure the safety of railway operation, 
which plays an important role in fixing rail to maintain it 
with a stable position [2]. However, owing to the cyclic load 
generated by wheel and rail during the practical operation, 
the spring clip as one key component of the fastening system 
would experience failure, compromising the functionality of 
the railway infrastructure [3–5]. Therefore, the spring clip 
with high performance is desired to guarantee the safe opera-
tion of railway transportation [6].

The 0.55%C Si-Cr steel has been widely concerned with 
its growing popularity in the development of the new type 
of spring clips on account of its well-pleasing mechani-
cal properties, e.g. high strength (around 2.5 GPa), tough-
ness (around 130 MPa m1/2), and elongation (around 30%) 
[2, 7–9], which were ascribed to the dual-phase structure 
(retained austenite (RA) and bainite ferrite (BF)) [10]. The 
bainite transformation can be accelerated after the refine-
ment of prior austenite (PA) grains because more nucleation 
sites would be created for bainite transformation [11, 12]. 
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As steel with high Si concentration, the carbide precipitation 
is prohibited greatly due to the low solubility of Si element 
in cementite during the progress of bainite transformation 
[13]. It is hard for this steel to be fabricated at a low process-
ing temperature since the transformation of bainite would 
be greatly suppressed. Thus, in practical fabrication, it is 
an essential integrant to explore the influence of the high-
temperature forming process on the microstructure in terms 
of optimising the mechanical performance of final products. 
Nowadays, lots of attention have been concerned with the 
correlation between microstructures [12, 14], crystallo-
graphic features [15], and mechanical properties [16–18] 
of Mn-Cr-C alloyed steels after hot-working processes. The 
influence of the hot deformation on 58Mn2SiCr steel [10], 
51CrV4 spring steel [19], and high concentration Si steel 
[20] was discussed in detail previously, as well.

The bending experiments are easy to be achieved at 
room temperature if the laboratory permits [21], such as 
the reports regarding pipeline steel [22], high strength steel 
[23, 24], dual-phase steel [25, 26], and DP 590/780 steel [27, 
28]. However, from an application point of view, there is a 
dearth of investigation on the effects of practical hot form-
ing technology on the final performance of a spring clip, 
bending at different angles. Theoretically, high-temperature 
bending is able to bring considerable benefits, for instance, 
decreasing the spring-back and bending force, increasing the 
formability, as a result of tailoring and enhancing product 
performance [29]. To forward the objective of enabling the 
forming process to be well suited to industrial production, 
the current work comprehensively investigated the multiple 
bending conditions on the microstructural and mechanical 
evolution by combining finite element (FE) simulation with 
physical experiments. For 0.55%C Si-Cr steel as typical 
hot-formed material, no research has been concerned before 
on simulating the practical production. Furthermore, high-
temperature microstructural reconstruction was also applied 
for the first time under this specific forming process. The 
obtained results will be considered to be a valuable reference 
for the spring clip manufacturing production.

2 � Experiments and simulation

2.1 � Process parameters

The testing material in the current work is medium-carbon 
Si-Cr spring steel (0.55C-1.4Si-0.65Mn-0.65Cr-0.11Ni-
0.12Cu-0.012S-0.018P-balanced Fe, in wt.%), which was 
received from a hot-forged rod. Cuboid samples with a size 
of 80 × 10 × 2 mm were assembled with a custom-built die 
(including clamps, sample holders, and punch, as shown in 
Fig. 1a). The austenitising bending investigation was con-
ducted at 900 °C in a vacuum environment by a Gleeble-3500 
thermomechanical simulator (see Fig. 1b). The thermocouples 

were spot-welded on the middle area of the specimens to mon-
itor and control the real-time temperature during the bend-
ing process. The tantalum foils and graphite were adhered 
together and spot-welded to the contact areas as lubrication 
to minimise the influence of bonding and friction during the 
bending process. The entire bending process was conducted 
under the lubrication conditions between each contact part. 
Before bending testing, samples were heated to 900 °C (exper-
imental temperature) with a heating rate of 10 °C/s and held 
with a duration of 90 s to obtain a homogenised temperature 
distribution. Whereafter, specimens were bent until the form-
ing distance reached 10, 15, 20, and 25 mm, respectively, with 
a constant bending speed of 10 mm/min. Watering quenching 
was used subsequently to retain the high-temperature micro-
structure for further analysis. The entire bending progress can 
be conducted with a satisfactory expectation, as illustrated in 
Fig. 1c.

2.2 � Material characterisation

To eliminate the variance owing to possible uneven forma-
tion at two sides of the experimental specimens, the micro-
structural and mechanical examinations were focused on the 
bent area, which was located at the internal testing surface 
along the geometrical centreline of the specimen (as shown 
in the inset of Fig. 1a). Sample preparation including hot-
mounting, grinding, and polishing was conducted based on 
the standard metallographic technique given in our previous 
study [1]. Electron backscattered diffraction (EBSD) experi-
ments were carried out on a JEOL JSM-7001F field emission 
gun scanning electron microscope for the microstructural 
observation with a scanning area of 200 × 90 μm and a step 
size of 0.18 μm; then, the obtained data was post-processed 
by HKL Channel 5 software. The parent grain reconstruc-
tion was achieved by the MTEX toolbox, which enables the 
traditional phase transformation, prior austenite grain, and 
variant investigation to extend to all crystal symmetry com-
binations [30].

2.3 � Finite element (FE) modelling

The ABAQUS/Standard software was used to conduct the 
simulation investigation. To well simulate the whole pro-
cess, all the simulated parameters were consistent with the 
experimental ones. The model was built based on the rel-
evant mechanical properties from our previous studies [1, 
13]. The yield and tensile stresses were determined to be 
84.2 and 138.6 MPa, respectively. The Young’s modulus was 
set to be 210 GPa. Besides, the Poisson’s ratio in this study 
was selected to be 0.33. In this modelling, holder and clamp 
were defined as discrete rigid bodies with the element type 
of R3D4, and the blank was built as deformable solid model 
with the element type of C3D8R. The simplified assembly 
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mesh model was displayed in Fig. 1d. Besides, the displace-
ment was classified by four values (10, 15, 20, and 25 mm). 
Due to the lubrication condition, the coefficient of friction 
was chosen to be 0.1 between all the contact areas [31]. 
Initially, there was no constraint for blank, while the holder 
and clamp were constrained in all directions. The punch was 
defined with one freedom along the bending direction. The 
model of blank meshed with the element size of 0.5 mm, and 
1.5 mm was defined for all the other rigid bodies.

3 � Results

3.1 � Verification of FE modelling

To obtain the stress distribution of the experimental steel 
during the whole forming progress, numerical simulation 
was employed to simulate the austenitising bending pro-
cess (see Fig. 2). In industrial production, it is necessary to 
explore the influence of working conditions on the macro-
scopic properties, such as loading force, which was consid-
ered to be a valuable reference for practical manufacturing 

[32]. Figure 2a displays the force evolution with different 
bending distances. Notably, the reliability and accuracy of 
the simulation can be validated from the good agreement 
of experimental and simulation results. At the early stage 
of bending progress, all curves presented a short region of 
rapid work hardening, followed by a decreased rate of force 
increment with distance, which was attributed to the main 
dynamic recovery (DRV) behaviour based on the principal 
mechanism [33]. In addition, the force curves showed peak 
values when the bending time reached around 50 s due to 
the neutralisation of work hardening and dynamic soften-
ing. Whereafter, the major dynamic softening process led 
to a continuous decrease in force because of the dislocation 
rearrangement and annihilation [13]. Obvious decreased 
forming force can be observed under a larger strain condi-
tion, implying the dominant softening mechanism caused by  
the dynamic recrystallisation (DRX) [1].

The developed stages in the simulation process being 
carried out are represented in Fig. 2b. Notably, the equiva-
lent stress contour exhibits that the stress magnitude had 
an increasing trend from centre to surface throughout the 
thickness of the bent plates. Furthermore, the concentration 

Fig. 1   a Schematic of the 
custom-built die with the bent 
sample; b Gleeble 3500 thermo-
mechanical simulator assembled 
with the experimental sample; c 
state monitoring of the bending 
progress; d mesh model
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fields of equivalent stress increased, as well. Considering 
the goodness of fit between experiments and simulation, it 
unfolds actual physical stress evolution and concentration, 
which would provide a reference for the following micro-
structural and mechanical analysis.

3.2 � Micro‑hardness transition and bending strain 
calculation

Miro-hardness transition across the bent region during 
the austenitising bending process is exhibited in Fig. 3. 

Figure 3a displays the hardness variation after deformation 
as a function of the distance throughout the thickness of bent 
plates. Apparently, a relatively homogeneous distribution 
can be observed when the bending distance moved to 10 and 
15 mm. However, with a further bending deformation, the 
hardness distribution became inhomogeneous and such inho-
mogeneity will be aggravated as increased bending distance 
from 20 to 25 mm. Besides, the overall tendency represents 
that hardness always decreased from both surface edges 
towards central regions, and the maximum value was located 
at the outer surface of each bent specimen. The accumulated 

Fig. 2   a Comparison of experi-
ments with simulation in the 
relationship between forming 
force and loading distance; b 
equivalent stress distribution 
under different bending degrees

Fig. 3   a The hardness transition along the bending axis at different moving distances; b comparison of mean hardness under various conditions. 
The development of strain gradient owing to austenitising bending was plotted
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dislocation may be responsible for the improved hardness 
on both surfaces. Furthermore, a relatively smaller hardness 
value measured on two sides was an interesting finding as 
well, which may be attributed to the oxidation or decarburi-
sation. This is because the water quenching process is fol-
lowed by vacuum-unloading after deformation, the air would 
be brought in so that the oxidation occurs on the surface of 
the material.

Mandal et al. [22] and Sohn et al. [34] have reported the 
calculation method of strain ε(d) on any plane due to the 
bending process at a distance by the equation shown below:

where d is the distance from the centre of the plate thick-
ness and R and t indicate the outer bent-diameter and plate  
thickness, respectively. The strain is negative in compres-
sion zone, i.e. from neutral axis to inner edge and positive 
in tension zone, i.e. from neutral axis to outer edge. The 

(1)�(d) = 2d∕(R − t)

strain gradient increased from 0.109 to 0.205 at the tension 
and compression zones of the bent specimens where the  
bending distance was determined in the range of 10–25 mm 
(see Fig. 3b). The variation of hardness and microstructure 
cannot be avoided completely due to the bending strain 
result of the austenitising bending; thus, the mean hardness 
decreased from 842 to 807 HV, which illustrates the gradi-
ent in microstructure throughout plate thickness is large in 
this study. Normally, a dominant softening process resulted 
from DRX is the main factor that leads to decreased hard-
ness with the increase of bending strain. Except for that, the 
hardness decreased during strain could also be attributed to 
the resultant growth of martensitic microstructure. This is 
because, under the uniform bending speed, a larger deforma-
tion degree requires more high-temperature duration, which 
is beneficial for the growth of quenching microstructure. The 
detailed microstructure evolution will be further clarified in  
the following sections.

Fig. 4   Schematic testing sur-
face; bending axis; inverse pole 
figure (IPF) figures of the bent 
plates under different bending 
distances: a–b 10 mm, c–d 
15 mm, e–f 20 mm, and g–h 
25 mm. CE, central area; OE, 
outer edge. Note, the crystal-
lographic orientation-colour 
relation map corresponding to 
the colour-coded stereographic 
triangle IPF
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3.3 � Crystallographic features

In comparison to austenitic modal steels, the austenitic sub-
structures of the experimental steel are not so prominent after 
hot deformation owing to phase transformation, whereas 
the crystallographic features were still greatly influenced 
by various metallurgical events during the austenitising 
bending process [1]. In response to the evident variations 
of microhardness between mid-thickness and inner/outer 
surfaces with different bending conditions, EBSD mappings 
were performed focusing on two specific regions (CE, central 
area: nearby geometric centreline; OE, outer edge: located in 
tension zone) throughout each sample thickness (see Fig. 4).

Lath martensite (LM) normally occurs in steels with a 
carbon content of no more than 0.6 wt.% [35]. Besides, the 
theoretical Kurdjumov–Sachs (K-S) relationship of which is 
applied to reflect orientation correlation between austenite 
and LM are well known in carbon steels [36]. From inverse 
pole figure (IPF) figures obtained from the current study 
(as shown in Fig. 4a–h), it is apparent that the orientation 
domains were evenly distributed regardless of austenite con-
dition. This is because the phases generated during the entire 
bending process are thought to abide by K-S rules, which 
have 24 variants. Certain combinations of variants possibly 

have ten misorientation angles, i.e. 10.53°, 14.88°, 20.61°, 
21.06°, 47.11°, 49.47°, 50.51°, 51.73°, 57.21°, and 60.00° 
[35]. The minimum misorientation angle was selected to 
be 10.53° in IPF figures, aiming to distinctly outline the 
grain boundary. In addition, the IPF graphs show near no rel-
evance between bending axis and grain distribution, which 
could also be verified by grain boundary (GB) figures exhib-
ited in Fig. 5, where misorientation angles in the range of 
20–45° were plotted by bright red and the area with blue was 
an indication of misorientation angles over 45°.

Since the PA was reported to be equipped with stochastic 
misorientation boundaries [33], special division of misori-
entation angles given above was a new discovery for this 
investigation, which is only acceptable in the experiment 
steel with the austenitising forming process. In this study, 
the bright red lines may suggest the distribution of DRX 
grains. Although it shows little deviation in different regions 
of a bent plate, the distribution of red lines increased sig-
nificantly with the increase of bending distance. This illus-
trates the degree of DRX increases as the bending strain 
accumulated, which verifies the decreased hardness values 
mentioned above. Furthermore, the bigger area without red 
lines was the indication of non-recrystallised austenite grains 
and compressed/grown austenite matrix [33].

Fig. 5   Grain boundary (GB) 
figures of the bent plates under 
different bending distances: a–b 
10 mm, c–d 15 mm, e–f 20 mm, 
and g–h 25 mm. CE, central 
area; OE, outer edge
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By comparing the grain boundary characteristic distribu-
tions of samples bent at different distances, the misorienta-
tion angle distributions are plotted in Fig. 6a–d, presenting 
similar distribution patterns in all conditions. To consume 
the transformation strain during hot deformation process, 
previous studies have reported the low-angle grain bounda-
ries (LAGBs) in the range of 2 to 5° was an indication of 
transformation dislocation [37, 38]. A larger proportion of 
LAGBs normally indicates a higher dislocation density. 
It is obvious from the insert bar graphs in Fig. 6a–d that 
LAGBs occupy a higher proportion at OE in comparison to 
those at CE of each bent plate, implying the dislocation was 
accumulated from centre to surfaces throughout the plate 
thickness. These results further demonstrate the difference 
in hardness transition between CE and OE. In addition, as 
shown in Fig. 6e, the overall LAGBs developing trend under 
different bending distances experienced an increase from 10 
to 15 mm. However, a decreasing tendency was obtained in 
20 mm, followed by another increase when the plate moved 
to 25 mm. This would be ascribed to multiple factors [39]. 
First of all, the continuous accumulation of dislocation is 
beneficial for the new formed DRX nucleation due to the 
unstable thermodynamical process, indicating that the DRX 
and dislocation can neutralise each other during straining 
[33]. DRX lied in a dominant status with the reduction of 
high-temperature DRV before 20 mm. Besides, it has been 
proposed by Sun et al. [39] that the high-angle grain bounda-
ries (HAGBs) represent DRX phenomenon to some extent. 

It can be observed that the degree of DRX in OE was greater 
than that in CE based on the calculation of HAGBs of each 
plate (see Fig. 6e). Owing to the continuous increasing pro-
portion of HAGBs, it is conjectural that DRX completed 
after 20 mm but before 25 mm. The possible clarification is 
the accumulated dislocation was consumed by DRX before 
20 mm, while the dislocation density increased again after 
20 mm owing to complete DRX at this condition. Thus, the 
DRV occupied the major status after the 20 mm bending 
process as the result of the second rise in LAGBs.

3.4 � High‑temperature microstructure

In terms of the microstructures after hot deformation process 
on the carbon steels, a certain amount of researches have 
been reported before [1, 13, 40–44]. However, no relevant 
research has been concerned with the high-temperature 
microstructures of the experimental steel after a specific hot-
working process. In the current work, reconstructed EBSD 
data with PA grain boundaries was successfully integrated 
into crystallographic toolbox MTEX from completed or par-
tially transformed microstructures (see Fig. 7) when apply-
ing the technique proposed by Frank et al. [30]. This ena-
bles to list the child α-grains belonging to a specific parent 
γ-grain and is crucial for analysing subsequent variants. Note 
that the PA structures exhibit a relatively larger grain size at 
10-mm bending distance on both CE and OE, along with the 
occurrence of tiny DRX grains nucleated at the parent grain 

Fig. 6   Grain boundary characteristic distributions of CE and OE obtained from the bent plates under different bending distances: a 10 mm, b 
15 mm, c 20 mm, and d 25 mm; e Comparison of low- and high-angle boundaries in each bending condition. CE, central area; OE, outer edge
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boundaries (Fig. 7a–b). The predicted PA grain size was 
subsequently refined during straining (Fig. 7c–f) as severer 
bending strain prolonged the high-temperature interval. This 
effect hinders the extent of grain growth when the amount of 
newly nucleated DRX grains was increased. Although there 
was insignificant difference can be detected from Fig. 7c–f, 
it is assumable that the larger bending strain allows more 
parent grain nucleation sites to get active, leading to a higher 
grain density as a result of smaller parent grain size [45]. 
The appearance of grown grains on both tested areas at the 
25-mm bending distance (Figs. 7g–h) does not seem to fol-
low the logic of the abovementioned PA growth and nuclea-
tion mechanism; it may indicate the possibility of fully DRX 
under this bending condition.

3.5 � Martensite variants

As mentioned in Sect. 3.3, since LM structure is usually 
formed in steels with a carbon content of less than 0.6 wt.% 
[35], the investigated steel is expected to obtain a K-S rela-
tionship between martensite (�

�

) and austenite (γ), which can 
be described as (111)γ // (011)��

, 
[

101

]

γ//
[

111

]

�, . In a given 

packet and the corresponding γ matrix, there are 6 K-S ori-
entation relationship variants, named V1 to V6. It has been 
reported by Morito et al. [36] that the V1 and V2 show a 
twin orientation relationship when V1 is used as the base 
variant. The V1 and V3 show a relationship of [011]/60°, 
and the same orientation can be observed between V1 and 
V5. Besides, V1 and V6 exhibit an orientation of 
[011]/49.5°. Each austenite grain has four different (111)γ 
orientations. Given this the relationship exists, the cubic 
structure is equipped with 24 variants (represented as 
V1–V24), which all transform from single austenite [35, 36, 
46, 47]. Figure 8 illustrates the evolution of martensite vari-
ants in the specific austenite grains of the specimens bent at 
10 mm (dominant DRV) and 20 mm (dominant DRX). 
Apparently, a certain number of martensite variants are dis-
tributed within different austenite grains regardless of the 
bending process. Nevertheless, more absent variants were 
indicated in Fig. 8b and c in comparison to Fig. 8a and c, 
respectively. This may suggest the larger parent grain size 
provides enough nucleation space for the martensite struc-
ture. Normally, the absent variant was thought to be the natu-
ral phenomenon due to the lack of transformation space [48], 
depending on the PA grain size [47].

Fig. 7   Reconstruction of parent 
austenite grains for the speci-
mens bent at a–b 10 mm, c–d 
15 mm, e–f 20 mm, and g–h 
25 mm. CE, central area; OE, 
outer edge
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4 � Discussion

Understandably, the hardness would exhibit a transition 
with different bending distances. Differences in the hardness 
value will also show up between middle areas and tension/
compression zones. Actually, a combination of factors would 
be responsible for this, which will be discussed in detail in 
the following sections.

4.1 � Role of stress neutral layer in deformation

The developed distributions of transverse stress (S22) are 
shown in Fig. 9a. To get consistent and accurate results, the 
predicted location of the testing surface is carried out inside 
the part, which is separated by the centre line along the 
width. Moreover, Fig. 9b shows the magnified bent regions 
at different bending degrees. Through the simulation pre-
diction, the plate thickness (PL) revealed a slight decrease 
at all conditions since the flowability of metallic material 
would be enhanced at a high-temperature forming process 
[49]. However, with the increase of bending distance, the 
PL increased a bit (see Fig. 10a) due to a larger stress and 
stress concentration area that may affect the sample to be 
squeezed in this region.

Furthermore, the stress neutral layer (SNL) is defined as 
the critical layer connecting compression and tension zones 
at a certain bent degree, so that the surface at the extrados 
is thought to be the tension zone, whereas that at the inner 
edges is called the compression zone [50]. Therefore, it is 
not difficult to conclude that the minimum hardness occurs 
at the position of the geometric centreline and increases 
gradually from the centre to the edge due to the presence of 
SNL. As for this simulation, neutral layer thickness (NLT) 
was defined to be the distance between the inner edge and 
the neutral stress layer, which shows a rising tendency from 
1113.73 to 1161.77 µm. It has been proposed that SNL tends 
to move towards the inner surface during the ambient bend-
ing process [51], while the movement of the SNL during the 
high-temperature bending process is rarely mentioned. In 
the current work, an interesting finding is proposed that the 
movement of SNL transferred to the outer surface through 
the thickness of bent plates with the increase of moving 
distance based on the ratio of NLT to PT as displayed in 
Fig. 10b, implying opposite results to that of room tempera-
ture. Moreover, reports provided by Li et al. [51] mentioned 
that the SNL is dependent on some integrated factors such as 
the deformation mechanism, type of alloy, and plastic strain 
accumulation. In practical manufacturing process, SNL as 

Fig. 8   Variants of martensitic 
structure and the corresponding 
pole figures in selected prior 
austenite grains of the speci-
mens bent at a–b 10 mm; c–d 
20 mm. CE, central area; OE, 
outer edge
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a vital indicator vastly influences the process parameters, 
straightness precision, and roller design of steel bars [52].

4.2 � Dislocation pile‑up for GND density 
in deformation

Kernel average misorientation (KAM) maps are normally 
applied to describe the orientation gradients with the specific 
range in individual grains [40]. In this study, the selection 

of boundaries was determined within 5° and the 7 × 7 filter 
KAM maps were appropriate here, as displayed in Fig. 11. 
For the plates bent at different conditions, some typical areas 
were picked out due to relatively higher local strain (labelled 
by red ellipses), as shown in Fig. 11a–c and e). In compari-
son to other deformed areas, evidence of non-recrystallised 
austenite grains can be captured in these regions before phase 
transformation, further confirming the occurrence of regional 
DRX. Although the generated phase would inherit plastic 
strain correlative with deformed austenite according to the 

Fig. 9   a Transverse stress (S22) 
distribution at different bending 
degrees; b High-magnification 
observation of plate thickness 
and stress neutral layer location

Fig. 10   a Comparison of plate thickness and neutral layer thickness at different bending distances; b the ratio of neutral layer thickness to plate 
thickness
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shear mechanism, the majority of the plastic strain would be 
offset by DRX. Besides, Fig. 11 also shows the brighter colour 
indicated on OE in comparison with CE of each bent plate and 
on the plate with a larger bending distance as the dislocation 
pile-up occurred in this case, as well.

Local misorientation comparisons shown in Fig.  11 
reveals that the geometrically necessary dislocations (GNDs) 
would be significantly affected due to strain portioning and 
heterogeneity in microstructure [13]. Although the KAM 
characteristic is unable to directly illustrate the dislocation, 
it has been proved to be a representative result for disloca-
tion observation in comparison with TEM [53]. The plas-
tic deformation leads to the local misorientation, resulting 
from GNDs correlative with curvature of the crystal lattice 
and influence of elastic strain. The lattice curvature was 
considered to be the unique factor related to the presence 
of GNDs due to the primary effects of lattice rotation than 
those of elastic field [54]. The local crystal orientation in 
different bent regions was measured at the above selected 
bending strains to further discuss the GNDs. In this study, 
it is acceptable to calculate the local misorientation when 
defining the limit of random misorientation as 2°. The local 
misorientation of each central point was then ruled by the 8 
neighbour points [13, 55]:

where θn represents the misorientation between this central 
point and its neighbour point n, ∅ is the misorientation  
threshold (2°), and the indicator function is defined as  
I(𝜃n<∅) . The simple method from strain gradient theory was  
applied to extrapolate GNDs [56]:

where θ refers to the local misorientation, u represents the 
mapping unit length (step size), and b is the Burger’s vec-
tor (BCC: 0.248 nm). The obtained histogram GND distri-
bution maps are identified in Fig. 12 for all the specimens 
under their corresponding bending distances. Apparently, 
the overall level of GND density was higher on OE than that 
on CE (see Fig. 12a–d), which was our anticipated result 
due to the inhomogeneity of polycrystalline materials dur-
ing deformation [57, 58]. This is another element for the 
higher hardness on the surfaces. The increased GND density 
is mainly caused by the increasing plastic strain [56] which 
is also compatible with the fact that a higher local strain is 
needed to accommodate bigger transformation plastic strain 

(2)𝜃
local

=
∑8

n=1
𝜃
n
⋅ I(𝜃n<∅)∕

∑8

n=1
I(𝜃n<∅)

(3)�GND =
2�

ub

Fig. 11   Kernel average 
misorientation (KAM) maps 
of CE and OE obtained from 
the bent plates under different 
bending distances: a–b 10 mm; 
d–e 15 mm; g–h 20 mm; j–k 
25 mm. CE, central area; OE, 
outer edge
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Fig. 12   GND density distribution of specimens bent at a 10 mm, b 15 mm, c 20 mm, and d 25 mm; e comparison of mean GND density under 
each bending condition. CE, central area; OE, outer edge
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[40]. Higher plastic strain is thought to be inherited for the 
plate bent at 25 mm (Fig. 12d) due to dominant DRV in 
this case after the completed DRX, which can be verified 

from the mean value GND density (10.93 × 1014 m−2 and 
11.48 × 1014 m−2 on CE and OE, respectively). It is also 
noted from Fig. 12e that the GND density for each bent 

Fig. 13   Distribution of parent austenite grains for the specimens bent at 10 mm (a) and (b); 15 mm (c) and (d); 20 mm (e) and (f); 25 mm (g) 
and (h); i comparison of mean parent grain size of each bending condition. CE, central area; OE, outer edge
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plate shows an up-down-up trend, which is consistent with 
the results of the LAGBs. Theoretically, the GND density 
in the final microstructure depends on both the transforma-
tion strain and the plastic strain degree inherited from the 
progress of austenitic deformation. This may suggest that 
the austenite grain undergoes various metallurgical events, 
i.e. deformation temperature, strain rates, and deformation 
degree during the hot bending process before phase trans-
formation [33].

4.3 � Effect of parent austenite and martensite 
packet on strength

Figure 13 gives the grain statistics versus bending strain for 
both CE and OE regions. When the plate was bent to a cer-
tain distance like 15 mm (average grain size, CE 12.8 µm and 
OE 12.9 µm) and 20 mm (average grain size, CE 11.2 µm 
and OE 11.7 µm), the variation of grain size as a function 
of straining was less than with the lower bending distance 
(10 mm (average grain size, CE 21.0 µm and OE 17.6 µm)). 
For an almost complete DRX condition, the grains slightly 
coarsened when the bending distance reached 25 mm (aver-
age grain size, CE 13.6 µm and OE 12.1 µm). By connecting 

it with obtained hardness results, it is not hard to see that 
the strength of the plate bent at 10 mm is on account of the 
fact that, as shown below, coarser PA grain with a lower 
incidence of PA grain boundaries occupies higher harden-
ability, resulting in the bigger volume fractions of martensite 
in the final product phases and thereby higher hardness [45].

To gain further insight into detailed characteristics of 
final microstructures, it has been primarily proposed that a 
parent austenite grain is split into several packets [35, 45]. 
Each unique packet can be classified into a combination of 
blocks, sub-blocks, and laths. Lath as the basic/finest unit 
of martensite is independent of each other identifying by 
low-angle boundaries (> 10.53°) [35]. During the progress 
of austenite reconstruction, the packet distributions of each 
bent plate on both regions (see Fig. 14) were well predicted 
by the MTEX technique, as well. It can be seen that the 
packet size shows little deviation in both CE and OE of the 
specimens bent at 10 and 15 mm (Fig. 14a–d). However, it 
is clearly observed based on the legend bar that the packet 
shows a larger size overall from CE than that of OE when the 
bending distance improved to 20 and 25 mm (Figs. 14e–h). 
It is worth mentioning that the significant influence of LM 
structure on the strength and toughness of metal materials, 

Fig. 14   Comparison of the 
packet size of the specimens 
bent at a–b 10 mm; c–d 15 mm; 
e–f 20 mm; g–h 25 mm. CE, 
central area; OE, outer edge
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i.e. low-carbon steels [35] and Fe–C alloys [36] due to the 
different block and packet sizes. Investigating the evolu-
tion of crystallographic and morphological characteristics 
of martensite in this steel is of great importance to explain 
the hardness transition on different bent regions in the same 
specimen. In addition to the effects of SNL, dislocation or 
DRX given above, another dominant factor that would bring 
a difference in strength is martensite packet size. The size of 
the martensite variant and the size of the packet in which the 
variant is located have a more close impact on the mechani-
cal properties of the material, which has been proposed that 
the packet size affects the toughness of the martensitic steels 
[59, 60], and the decreased packet size would increase the 
strength of steels with LM structure [35]. Thus, it can be 
speculated that the large gradients of hardness on CE and 
OE of the specimens bent at 20 and 25 mm was also resulted 
from the difference in overall packet size.

5 � Conclusions

In the current study, the effects of bending degrees on high-
strength quenched and micro-alloyed steel during an austeni-
tising bending process were comprehensively investigated. 
The major conclusions can be drawn below:

•	 The high consistency between experimental and simula-
tion results is instructive for the practical forming process 
of railway spring fasteners.

•	 Both the mean hardness and forming force in the bent 
region gradually decreased with the increase of bending 
degree. The high-temperature DRV is mainly responsi-
ble for the work hardening process due to the disloca-
tion accumulation. Combining the results of LAGBs and 
HAGBs, it can be speculated that the DRX was com-
pleted after 20 mm but before 25 mm of the bending dis-
tances. Thus, the DRV played a major role after 20-mm 
bending distance as the result of sconed rise in LAGBs 
and GNDs.

•	 SNL as another essential factor clarifies the smaller hard-
ness nearby the central line throughout the plate thick-
ness, which tends to move to the outer surface during 
straining.

•	 Through austenite reconstruction, the coarser PA grains 
with a lower incidence of PA grain boundaries occupy 
hardenability leading to the bigger volume fractions of 
martensite in the final product phases and thereby higher 
hardness. Besides, the overall smaller martensite packet 
size observed on the outer surfaces of specimens at a 
larger bending degree explains the higher hardness from 
another aspect.
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