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Abstract: This austenitising bending investigation was carried out in a vacuum environ-
ment with the forming rates of 1, 10, and 100 mm/min under a certain bending temperature
of 900 ◦C by a thermomechanical simulator. The enhanced strength at the accelerated form-
ing rate and on the compression/tension zones throughout the thickness of the bent plates
was discussed in detail in terms of dislocation pile-up, smaller prior austenite grain size,
dynamic recrystallisation, smaller martensite packet, and stress-neutral layer. Since the
simulation results were validated to match the experimental trend, this investigation could
be applied as a valuable reference to simulate the practical manufacturing process of
railway fasteners.

Keywords: Si–Cr micro-alloyed steel; austenitising bending; FE modelling; microstructure;
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1. Introduction
Room-temperature bending has been reported to be easily carried out on some metallic

materials [1–5]. Nevertheless, there were few studies regarding hot bending investigation,
especially under a complete austenitising state due to the limits of experimental conditions.
Si–Cr micro-alloyed steel as new-generation steel applied in railway spring clips has been
widely concerned due to its excellent performance resulting from dual-phase structure
(bainite ferrite and retained austenite) [6,7]. To further match the faster train speed (up to
350 km/h), the generational update of rail clips becomes essential to ensure the railway
operates more safely [8].

The preference for conducting bending experiments at room temperature is primarily
due to their ease of implementation. Room-temperature bending studies have gained
significant traction, with a focus on materials like high-strength steel [9], DP 590/780
steel [2,10], pipeline steel [1], and dual-phase steel [3,11]. In practical production, it may
not suggest rail clips be fabricated at low temperatures because the bainite transformation
would be greatly restrained [12], while high-temperature forming brings more advantages,
such as better formability, decreasing force, and less spring-back [13]. Surprisingly, there
has been limited attention given to high-temperature bending processes, particularly when
the bending temperature exceeds the complete austenitising state. From the application
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perspective, limited investigation on the influence of the practical forming process of spring
clips can be found due to complex bending angles.

To forward the intention of suiting for actual production, a custom-built die was de-
signed to simulate various bending conditions. Since the bending rate affects the efficiency,
cost, and performance of rail clips more directly, this investigation will comprehensively
discuss the relationship between the forming rate and mechanical properties. The strength
mechanism related to room-temperature and high-temperature microstructures particularly
correlates to the practical conditions, which will be valuable references for the rail clip
manufacturing process.

2. Materials and Methods
Testing plates were extracted from a rotary-forging Si–Cr steel rod (0.55C-1.4Si-

0.65Mn-0.65Cr-0.11Ni-0.12Cu-0.012S-0.018P-Balanced Fe, in wt%) with the dimension of
60 × 10 × 2 mm. The forming process was carried out using a custom-built die in the vac-
uum environment on the Gleeble-3500 thermomechanical simulator (Dynamic Systems Inc.,
Poestenkill, NY, USA). Before the bending operation, all the plates were heated to 900 ◦C
with a heating rate of 10 ◦C/s and then held for 1.5 min to keep a homogenised temperature
during bending. The selection of testing temperature referred to our previously calculated
phase diagram, which indicates that the austenitising transformation temperature is below
800 ◦C [7]. Three different bending rates (1, 10, and 100 mm/min) were selected until
the bending distance reached 15 mm, which corresponded to the bending time of 900, 90,
and 9s, respectively. To realise precise temperature control during the bending progress,
the Gleeble system is equipped with sophisticated temperature control mechanisms. It
uses various heating elements, such as resistance heating or induction heating, to raise
the temperature of the sample. The heating elements are designed to provide precise and
uniform heating across the sample. Moreover, thermocouples are temperature sensors
that are in contact with the samples to continuously measure the temperature in real time.
This information is sent to a controller, which adjusts the heating elements accordingly
to maintain the desired temperature. Thereafter, water quenching was applied to keep
the high-temperature microstructures. The electron Backscattered Diffraction (EBSD) tech-
nique was applied in a mapping area of 200 × 90 µm to observe microstructures with the
0.18 µm step size by JEOL JSM-7001F microscope (JEOL Ltd., Tokyo, Japan). The austenite
reconstruction was carried out by the MTEX toolbox, enabling further crystal analysis [14].

3. Results and Discussion
Figure 1a exhibits the sample assembled by the mould and the simplified model in

the simulation. To compare and validate the entire bending process, the finite element
(FE) modelling was carried out in the current study, as well. In the FE modelling, the
mechanical property of the experimental steel refers to our previous study [12,15,16]. This
study determined the yield and tensile stresses to be 84.2 MPa and 138.6 MPa, respectively.
The Young’s modulus was fixed at 210 GPa. Additionally, a Poisson’s ratio of 0.33 was
chosen for this investigation. In the modelling phase, both the holder and clamp were
characterised as discrete rigid bodies using the R3D4 element type. Conversely, the blank
was represented as a deformable solid model with the C3D8R element type. Considering
the lubrication conditions, a friction coefficient of 0.1 was applied to all contact areas.
Initially, there were no constraints on the blank, while the holder and clamp were fully
constrained in all directions. The punch was defined with a single degree of freedom
along the bending direction. The mesh size for the blank model was set to 0.5 mm, and
all other rigid bodies were defined with a size of 1.5 mm. The equivalent stress contour
distribution displayed in Figure 1b indicates the stress magnitude had a decreasing gradient
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from surfaces to the central areas throughout the sample thickness in forming rates, while
the maximum stress value increased with the decrease in bending time. Furthermore, the
bending rate presented a slight influence on the stress concentration region. Simultaneously,
the stress neutral layer (SNL) of each bent specimen obtained from transverse stress (S22)
distribution also exhibited little deviation based on the ratio of SNL to plate thickness (see
Figure 1c).
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Figure 1. (a) Diagrammatic drawing of the simplified model; (b) equivalent stress distribution;
(c) transverse stress (S22) distribution; (d) the comparison of simulated loading force with experi-
ments; and (e) hardness distribution under different bending conditions.

Since the loading force during the forming process is normally considered to be an
important reference in practical production [17], its evolution under different bending rates
was investigated and is illustrated in Figure 1d. The good agreement between the modelling
and experiments indicates the dependability of this investigation. Apparently, the value of
the loading force showed a downward trend with the decrease in bending rate. The higher
bending rate would bring about a greater loading force because of the inadequate effects of
dynamic recovery (DRV) and dynamic recrystallisation (DRX). At the early bending stage,
work hardening (WH) was enhanced due to dominant dislocation, increasing loading
force. Owing to the neutralisation of dynamic softening and WH, the force under all
bending conditions displayed a softening trend after the peak point, indicating that the
DRX became dominant at the later bending stage. Furthermore, according to the obtained
micro-hardness results (Figure 1e), the mean hardness value increased with the increase
in bending rate resulting from the comprehensive factors of DRV and DRX, exhibiting a
similar developing trend to loading forces. Here, the obvious hardness gradient could
be observed from each bent plate, as well. The smaller value could be obtained in the
central area, which might be ascribed to the SNL mentioned above. Apart from that, the
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accumulated dislocation on the compression and tension zones would be another factor
that was responsible for the increased hardness. In addition, the relatively smaller hardness
value could be detected on the edges throughout the thickness of each specimen, and it
becomes more pronounced as bending time goes on. This is because the water quenching
was followed by vacuum unloading after the bending process. In the quenching process,
oxidation and decarburisation would significantly influence the strength of materials [18].

Grain boundary (GB) maps at the mid and bot regions of the bent specimens are
exhibited in Figure 2a,c,e,g,i,k. To reflect the GB, the misorientation angles between 20◦

and 45◦ were plotted in red, while the counterparts over 45◦ were labelled by cyan. In
this manuscript, mid refers to the middle region, and bot refers to the surface region
of the testing plate. Since the prior austenite (PA) GBs are proposed to have random
misorientation boundaries [19], this division of misorientation angles was a discovery
only suitable for this material. From the GB maps, it is notable that the grain orientation
shows no correlation with the bending process. Moreover, the red lines are selected to
indicate the DRX grain distribution. The cyan regions could be applied to suggest the non-
recrystallised austenite and grown/compressed austenite matrix. Based on that, only partial
DRX could be achieved in each bending sample. In addition, Kernel average misorientation
(KAM) analysis and corresponding calculated geometrically necessary dislocations (GND)
displayed in Figure 2b,d,f,h,j,l) clarifies that more DRV could be detected in the bot region
in comparison to the value obtained from the central area regardless of the bending rate.
The overall GND density value decreased as the bending rate accelerated, further clarifying
the smaller hardness and loading force under this condition.

The crystallographic toolbox MTEX was used to reconstruct PA grains to illustrate
the strength mechanism in correlation with the forming rate from another aspect. Note
that the predicted PA grain coarsened at a low bending rate in comparison to that at a
high bending rate (see Figure 3a,b,e,f). This is because the larger forming rate allows more
PA grain nucleation sites to become active, resulting in a smaller PA grain size. Although
the larger PA with a lower incidence of PA grain boundaries has higher hardenability,
which would lead to a larger volume fraction of martensite in the final product phases
and, thereby, a larger hardness value [20], the forming rate as the dominating factor greatly
influenced the plate strength than PA grain size based on the obtained hardness value
shown in Figure 1e. In addition, it is worth mentioning the significant influence of the
martensite packet on the mechanical property. Based on the predicted results displayed in
Figure 3c,d,g,h, an interesting finding is that the size of the martensite packet (circled in
Figure 3c,h) is closely related to the PA size. The relatively larger PA at a lower bending
rate would contain martensite packets with a larger packet size, which decreases the
strength of steels [21]. The significant effect of martensite block and packet dimensions
on both strength and toughness has been substantiated in various metallic materials,
including low-carbon steels and Fe–C alloys [7]. Therefore, it is crucial to explore how the
crystallographic and morphological attributes of martensite change in the experimental
steel. This exploration is vital for understanding the variation in hardness at different
bending temperatures. Studies [6,7] have demonstrated that both the martensite variant
size and the size of the packet containing the variant exert a more pronounced influence on
the mechanical properties of the material. Specifically, reducing the packet size has been
found to enhance the strength of steels with a lath martensite (LM) structure. Consequently,
alongside the previously mentioned factors such as SNL, DRV associated with dislocations,
grain size in PA, and DRX, another dominant factor affecting strength is the size of the
martensite packets.
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Figure 3. (a,b,e,f) Parent austenite grain reconstruction of different bent samples at mid and bot areas;
(c,d,g,h) corresponding distribution of martensite packet.

In addition, martensite structures are normally followed by the K–S rules, which have
24 variants and transform from a single PA [17]. In this study, the prediction of martensite
variants under various bending conditions is exhibited in Figure 4a–d. Notably, the absent
variants could be detected in a smaller PA grain, while the larger PA grain would have
the capacity to allow for more nucleation of martensite variants. Typically, the absence of
the variant was attributed to a natural occurrence resulting from limited transformation
space, which is influenced by the size of the PA grains. Therefore, it can be speculated that
variants are dependent on the PA grain no matter what kind of forming condition.
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4. Conclusions
The forming rate, as the important indicator of spring clip in practical production,

greatly influences the microstructure and mechanical performance. In this study, the work
hardening degree was enhanced with the increase in bending rate due to the following
reasons: more dislocation pile-ups; more DRX; and smaller martensite packet size. The
hardness gradient was mainly caused by the accumulated dislocation on the compres-
sion/tension zones. The stress-neutral layer near the central area throughout the plate
thickness was also responsible for the smaller hardness. The consistent results obtained
from the experiments and simulation well simulated the practical manufacturing process
for the spring clip, which will be a useful reference in the rail track of the railway system.
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