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The microstructure uniformity of the Hadfield steel turnout core during forging is the key factor affecting the quality of the
formed parts. The peak strain model, critical strain model and dynamic recrystallization model of the material were established
using the stress-strain curve obtained with a hot compression experiment. The dynamic recrystallization model was used to pre-
dict the evolution of the grain size and dynamic recrystallization volume fraction during the forging process. The influence of
process parameters on the microstructure uniformity of turnout core forgings was studied and optimized using the orthogonal
test. The accuracy of the dynamic recrystallization model and numerical simulation was verified with the measurement of the
grain size and comprehensive mechanical properties of the forging parts.
Key words: dynamic recrystallization, turnout core, forging, numerical simulation, constitutive model

Med kovanjem surovcev iz Hadfieldskega jekla za jedra kretnic `elezni{kih tirov je klju~ni faktor izdelava enovite (homogene
drobno zrnate) mikrostrukture, ki pomembno vpliva na njihovo kon~no kvaliteto. Avtorji so postavili vr{ni deformacijski model
(angl.: peak strain model), kriti~ni deformacijski model in model dinami~ne rekristalizacije za izbrano jeklo. Modele so
postavili s pomo~jo dolo~itve krivulj prava napetost-prava deformacija, ki so jih dolo~ili z vro~imi tla~nimi preizkusi. Model
dinami~ne rekristalizacije so avtorji uporabili za napoved razvoja velikosti kristalnih zrn in napoved volumskega dele`a
rekristalizacije kristalnih zrn med procesom kovanja. Avtorji so {tudirali vpliv procesnih parametrov na homogenost
mikrostrukture odkovkov za trne kretnic `elezni{kih tirov in optimizacijo ortogonalnega testa. Natan~nost modela dinami~ne
rekristalizacije so avtorji verificirali z metalografskimi meritvami velikosti kristalnih zrn in dolo~itve pripadajo~ih mehanskih
lastnosti odkovkov.
Klju~ne besede: dinami~na rekristalizacija, jedra kretnic `elezni{kih tirov, kovanje, numeri~ne simulacije, konstitutivni model

1 INTRODUCTION

A turnout core is installed between tracks, facilitating
the switching of freight train wheels, thus being an inte-
gral component of the railway operation. However, in
practical applications, due to a large weight, complex
shape and size of the turnout core, it is typically cast.
However, conventional integral casting of turnout cores
results in coarse microstructures and casting defects such
as segregation, porosity, inclusions, and cracks. These
not only lead to unstable quality but also lower the me-
chanical properties, significantly impacting the service
performance and lifespan of High-Mn steel turnout
cores, failing to meet the demands of current high-speed
heavy-load railway operations.1–3

Forging is a complex process that combines high-
temperature deformation and heat treatment, involving
variables such as temperature, force, friction, and many
other process parameters, which have a significant effect
on materials like steel in terms of grain refinement and
mechanical performance enhancement.4–6 However, the
selection of process parameters during forging directly
influences the uniformity of the forged piece’s micro-
structure,7–9 with many scholars’ research indicating that
the factors affecting the microstructure uniformity in-
clude forging temperature, heat treatment processes, and
element content.10–12 Wang et al.13 investigated the dy-
namic recrystallization present in the forging of automo-
tive front-axle beams. The average grain size of the
forged workpiece was refined from the initial 150 μm to
45 μm, resulting in greatly improved performance of the
forged piece. Song et al.14 studied the effect of grain re-
finement on the performance of the railway wagon bogie
adapter made of AISI 1035 steel. The microscopic
strength and tensile properties of AISI 1035 steel wagon

Materiali in tehnologije / Materials and technology 59 (2025) 2, 195–206 195

UDK 669.14:66.065.53:517.521 ISSN 1580-2949
Original scientific article/Izvirni znanstveni ~lanek Mater. Tehnol.

*Corresponding author's e-mail:
jihongchao@ncst.edu.cn (Hongchao Ji)

© 2025 The Author(s). Except when otherwise noted, articles in this jour-
nal are published under the terms and conditions of the Creative Com-
mons Attribution 4.0 International License (CC BY 4.0).



bogie adapter can be effectively improved with a signifi-
cant grain refinement achieved with pre-forging and final
forging. Tekaut et al.15 conducted hot forging of AISI
1045 steel at (1100, 1150, 1200 and 1250) °C, and con-
cluded that with the increase in the forging temperature,
the hardness of the sample decreased due to grain coars-
ening. Conversely, this also confirmed that grain refine-
ment would increase the hardness of the forged material.

A constitutive relationship is a mathematical repre-
sentation of the material flow stress as a function of forg-
ing temperature, strain rate, and other factors.16 Research
on dynamic recrystallization is based on constitutive
equations, but constitutive equations used for different
materials may vary. Suitable constitutive equations can
better reflect the properties of materials, thus allowing
for a more accurate derivation of dynamic recrystalliz-
ation kinetic models that can explain the behavior of dy-
namic recrystallization.17,18 Wang et al.19 conducted iso-
thermal compression experiments on cast 40CrNiMo
alloy steel. After obtaining the numerical values of stress
and strain for the material, they used an Arrhenius con-
stitutive equation with Z parameters for a constitutive
analysis. They derived both the kinetics and kinematic
models of dynamic recrystallization, accurately ex-
pounding the behavior of dynamic recrystallization in the
material. Yin et al.20 proposed a new constitutive model
combining rheology and phase transformation for a
shape memory material, which effectively expresses the
mechanical properties and memory behavior of the mate-
rial, making valuable contributions to constitutive mod-
els. Momeni et al.,21 considering material dynamic soft-
ening, modified the K-M constitutive model to describe
changes in high-angle grain boundaries with strain rate
variations, and experimentally verified the predictive ac-
curacy of the modified constitutive model.

Although forging has many advantages, there are also
inevitable defects that occur during this process. Due to
the high initial forging temperature and uneven deforma-
tion degree, coarse grains may be caused, reducing the
plasticity and toughness of the forging, and the fatigue

performance is significantly reduced. The local grain
roughness during quenching heating also results in un-
even grains, thus significantly reducing the durability
and fatigue properties of forgings. For large forgings
such as turnout cores, many process parameters affect
the grain size and uniformity during forming. Therefore,
the influence of the interactions of forging parameters on
the forging uniformity of a turnout core is studied, and
the evolution of the average grain size distribution during
hot forging is predicted with numerical simulation. A
kind of turnout core with excellent mechanical properties
is developed.

2 EXPERIMENTAL METHOD AND MATERIAL
MODEL

2.1 Material and the isothermal compression experi-
ment

The material used in this study is Hadfield steel. The
material was machined into standard hot-compression
specimens of Ø10 × 15 mm using a wire cutting ma-
chine. The experiment was conducted using a
Gleeble-3800D thermal-mechanical simulator, with pro-
cess condition control curves shown in Figure 1.

The specimen experiment temperature ranged from
950 °C to 1150 °C, with a strain rate range of 0.01 s–1 to
10 s–1 and a deformation amplitude of 60 %. Each speci-
men underwent hot compression at a predetermined
heating rate and was kept at the desired temperature for
three minutes before being quenched in water immedi-
ately thereafter. The stress-strain curves of the material
under different deformation conditions are depicted in
Figure 2.

2.2 Establishment of a peak strain model

Peak strain is an important parameter when assessing
the grain evolution behavior of metal during hot defor-
mation. The grain evolution behavior of metal during hot
deformation is linearly correlated with its peak strain.
Therefore, a peak strain model for Hadfield steel was es-
tablished. The peak strain of metal during hot deforma-
tion is influenced by multiple factors, and an expression
for peak strain is established based on these influencing
factors:
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where 
p is the peak strain; d0 is the initial grain size of
the material (μm); �
 is the strain rate (s–1); Q1 is the acti-
vation energy required for dynamic recrystallization of
the material (KJ·(mol)–1); R represents the gas constant
of the material, taken as 8.314 (J·(mol·K)–1); T is the
temperature (K); and �1, n1, m1 are the constants.

Based on Equation (1), the peak strain model for the
material is established. The peak strain data for Hadfield
steel under corresponding thermal deformation condi-
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Figure 1: Schematic diagram of a hot-compression process



tions are obtained from Figure 2. Because the materials
were subjected to the same uniform treatment conditions
before hot compression, it can be assumed that the initial
grain sizes of all specimens are the same, so their effects
can be neglected, allowing n1 to be set to 0. Then Equa-
tion (1) can be transformed into:

ln ln ln �
 
p = + +a m
Q

RT1 1
1 (2)

Assuming that the deformation temperature is fixed,
the expression for m1 can be:

m1 =
∂
∂
ln

ln �







p
(3)

The peak strain value is substituted into Equation (3),
and the fitting operation ln 
p – ln �
 is carried out. The m1

value of the fitting result is 0.18527 after averaging.
Assuming a constant strain rate, the expression for Q1

can be converted to:
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According to the peak strain value, the average value
of Q1/10000R is calculated to be 0.17085. After substi-
tuting R, the activation energy for dynamic recrystalliz-
ation of Hadfield steel, Q1, can be calculated as 14204.47
J/mol. By substituting m1 and Q1 into Equation (2), the

value of �1 under each deformation condition can be ac-
quired. By substituting the calculated parameters into
Equation (2), the expression of the peak strain model for
Hadfield steel is obtained:
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2.3 Establishment of a dynamic recrystallization model

Research has shown that the critical strain for dy-
namic recrystallization of metal materials is linearly re-
lated to the peak strain under corresponding thermal de-
formation conditions. Taking the linear correlation
coefficient as 0.52, this relationship can be expressed as:


 
c p= 052. (6)

The dynamic recrystallization critical strain of Had-
field steel under different deformation conditions can be
calculated by substituting the peak strain values at differ-
ent deformation temperatures and strain rates into Equa-
tion (6).

The dynamic recrystallization degree of metal materi-
als during thermal deformation is quantitatively ana-
lyzed, and its expression is as follows:
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Figure 2: Stress-strain curves under different deformation conditions: a) �
 = 0.01 s–1, b) �
 = 0.1 s–1, c) �
 = 1 s–1, d) �
 = 10 s–1
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In the above equations, Xdrex represents the volume
fraction of dynamic recrystallization, 
c denotes the criti-
cal strain for dynamic recrystallization of the material,

0.5 indicates the strain value when the volume fraction of
dynamic recrystallization is 50 %, d0 stands for the initial
grain size of the material (μm), Q2 represents the energy
when the dynamic recrystallization volume fraction
reaches 50 % (KJ·(mol)–1), and �d, kd, �2, n2, m2 denote
material constants.

The percentage of recrystallization in the material
during deformation is:

X drex

p

ss p

=
−

���

� �
(9)

In the equation, �p represents the peak stress of the
material (MPa), and �ss denotes the steady-state stress of
the material (MPa). According to Equation (9), when
Xdrex = 0.5, it follows that �0.5 – �p = 0.5 × (�ss – �p). By
calculating the �0.5 values under different thermal defor-
mation conditions, the corresponding 
0.5 values can be
obtained.

Due to uniform heat treatment applied to the material
under identical conditions before hot compression, it can
be assumed that the initial grain sizes of all specimens

are the same, and their influence can be neglected. Thus,
we let n2 = 0. Equation (8) can be transformed into:

ln ln ln �
 � 
0.5 2= + +m
Q

RT2 (10)

By inserting strain rate and deformation temperature
into Equation (10), fitting curves of ln 
0.5 – ln �
 and
ln 
0.5 – 10000/T can be obtained with Origin software,
and then m2 is 0.12601 and Q2 is 19,191.2J /mol. Substi-
tuting the calculated values of m2 and Q2 into Equation
(10), the value of the material parameter �2 can be com-
puted as 0.08145. Therefore, the expression for the strain
value 
0.5, when the volume fraction of dynamic
recrystallization in Hadfield steel is 50 %, is:
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After transforming Equation (7), we get:
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Substituting the calculated values of 
c, 
0.5, Xdrex, and
the strain into Equation (12), and using Origin software
for processing, a linear fitting curve of ln[–ln(1 – Xdrex)] –
ln[(
 – 
c)/
0.5] can be generated, as shown in Figure 3.
By fitting the graph, coefficients of the ln[–ln(1 – Xdrex)]
– ln(
 – 
c)/
0.5 fitting curve can be calculated. Here, Kd is
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Figure 3: Fitting curves for different deformation conditions of ln [–ln (1 – Xdrex)] – ln ((
-
c)/
0.5): a) 
 = 0.01 s–1, b) 
 = 0.1 s–1, c) 
 =1 s–1,
d) 
 = 10 s–1



the slope of the curve and ln�d is the intercept. Taking
the average of the data under each condition, Kd =
3.226745 and �d = 1.9284.

The above material parameters are put into Equation
(7), and the dynamic recrystallization dynamic model of
Hadfield steel is obtained as follows:
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2.4 Establishment of a grain-size model

In the thermal processing, the size of grains is an im-
portant parameter for evaluating the material’s micro-
structure uniformity and mechanical performance stabil-
ity. Investigating the grain-size variation in metal
materials during thermal processing is significant for
regulating the material’s microstructure uniformity.
Using Image-Pro Plus software and employing the inter-
cept method to measure the grain size, the mathematical
model expression for the grain size of dynamic
recrystallization in the material is:
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In the formula, Ddrex is the dynamic recrystallization
grain size of the material, μm; d0 is the initial grain size
of the material, μm; T is the thermodynamic temperature,
K; while �3, h, n3 and Q3 are material constants.

Since the specimens underwent uniform heat treat-
ment under the same conditions before hot compression,
it can be assumed that the initial grain sizes of all sam-
ples were the same, so their influence can be neglected.
We can set h to be equal to 0. Thus, Equation (14) can be
transformed into:
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According to Equation (15), it can be observed that ln
Ddrex exhibits a linear relationship with the natural loga-
rithm of strain rate and 10000/T. After data fitting, linear
fitting curves of ln Ddrex – ln 
 and ln Ddrex – 10000/T can
be obtained, so the value of material parameter
m3 = –0.03521 and Q3 = –21,355.34 J/mol.

In the isothermal compression experiment, the defor-
mation of the sample is 60 %, and the initial grain size of
the sample is determined to be 102 μm using the linear
truncation method. The remaining parameters,
�3 = 26541.69 and n3 = 0.16576, are obtained by fitting
the average grain size of dynamic recrystallization into
equation (15).

D
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3 PROCESS PARAMETER ANALYSIS

3.1 Parameter setting and experimental design

During the forging of the turnout core component,
the evolution of microstructure uniformity is extremely
complex. Any change in the factors during forging can
result in fluctuations in the outcome. The most signifi-
cant factor affecting forging results is the temperature of
the workpiece. In this simulation, alongside selecting the
workpiece temperature, factors such as mold movement
speed and friction between the workpiece and the mold
were also introduced as experimental variables.

In addition to the selection of influencing factors, ex-
perimental design is also crucial. Rational experimental
design and analysis reduce errors and increase the accu-
racy of results. Orthogonal experimental design is the
most common method of analyzing the influence of mul-
tiple factors on the results. After inputting the influenc-
ing factors and their ranges of variation into Design-Ex-
pert software, the software analyzes them and randomly
generates free-combination variables and simulation re-
sults as shown in Table 1.

According to the random combination variables re-
quired for the simulation analysis to further analyze the
influence of various parameter variables on the
microstructure uniformity of the turnout core forging, the
simulation results are graded and introduced into re-
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Table 1: Random combination orthogonal experiment for each factor

Number A: Workpiece tem-
perature (°C)

B: Top die speed
(mm/s)

C: Friction coeffi-
cient Average size (μm) Response parameter

1 950 25 0.1 35.6 6.38
2 950 27.5 0.2 38.4 1.03
3 950 30 0.3 40.4 2.97
4 1050 25 0.2 43.6 6.10
5 1050 27.5 0.3 42.3 5.52
6 1050 30 0.1 39.7 8.73
7 1150 25 0.3 46.8 3.52
8 1150 27.5 0.1 43.1 4.23
9 1150 30 0.2 45.2 1.75



sponse parameter values. The response parameter of the
corresponding parameter value reflects the degree of
grain uniformization. Under the consideration of a single
factor, a smaller response value indicates a more uniform
grain. Simultaneously, the difference in response param-
eters reflects the degree of influence of this factor on the
experimental results. The greater the difference, the more
significant the impact; conversely, the less significant the
impact.

According to the data results in Table 2, the response
parameter values are the smallest when the forming tem-
perature is 1150 °C, forging speed is 27.5 mm/s and fric-
tion is 0.2. Therefore, the optimal forging factor settings
should be selected as A3B2C2. Meanwhile, the data also
reflects that the temperature response parameter has the
largest difference, while the forging speed response pa-
rameter has the smallest difference. This indicates that
the temperature has the most significant impact on the
results during forging, followed by the friction factor,
with the forging speed having the smallest effect com-
pared to the other two factors.

Table 2: Response parameter difference

Factor A B C
1 3.17 5.33 6.45
2 6.78 3.59 2.96
3 3.46 4.48 4.0
0 3.61 1.74 3.49

Level 1 3 2

3.2 Orthogonal experiment analysis

In order to facilitate the observation of the relation-
ship between the response parameters and each process
factor, for the response parameters and each process fac-
tor, a separate image is produced, as shown in Figure 4.

Figure 4a shows that with the increase in the temper-
ature, the grain size continues to increase, and the growth
of grain size is accompanied by the movement of grain
boundaries, which is a heat-activated process. With the
temperature increase, the greater the thermal effect, the
faster the grain growth, thus, the larger the grain size. At
950 °C, grain boundary migration is not significant and
grain growth is limited due to an insufficient thermal ac-

tivation energy. When the temperature reaches 1050 °C,
dynamic recrystallization makes the grains refine contin-
uously. The refined grains grow continuously under the
incentive of thermal efficiency, and the response parame-
ters also reach peak values. However, due to the co-exis-
tence of the original grains and the grains regenerated af-
ter refining, the internal structure of the forging is not
uniform. When the temperature reaches 1150 °C, the fol-
lowing phenomena occur: the thermal activation energy
increases again; the grain boundaries migrate further; af-
ter their regrowth, large grains gradually compress small
grains; the overall structure of the forging becomes uni-
form; and the response parameters decrease.

Figure 4b shows that with increasing forging speed,
both the grain size and response parameter decrease first
and then increase. This is because the forging speed af-
fects the forging time. The overall forging time is short,
and related to a lower heat loss, resulting in a more com-
plete dynamic recrystallization. Therefore, with the in-
crease in the forging speed, the heat loss decreases, and
the recrystallization process refines the grains, so that the
overall grain size decreases. However, due to the increas-
ing speed, excessive speed causes greater extrusion and
friction on the metal. In addition, increased heat in the
place of contact with the mold leads to the growth of
some grains, resulting in an uneven internal grain distri-
bution. So, the response parameter goes up.

Figure 4c shows the influence of friction on the
recrystallization grain size and response parameters. The
influence of friction is analogous to the die forging speed
mentioned above. The greater the friction, the greater the
temperature of the contact surface between the work-
piece and die; the greater the thermal activation energy,
the faster the grain boundary migration speed and the
more obvious the grain growth rate, thus the larger the
grain size. As the friction continues to grow, the temper-
ature increases. The high temperature indicates that dy-
namic recrystallization is more thorough, and the grains
after crystallization are more uniform; however, the tem-
perature change caused by friction only affects the sur-
face of the forging, and has less impact on the internal
temperature of the forging. This also explains why, when
the friction reaches 0.3, the overall response parameter is
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Figure 4: Influences of various factors on grain size and response parameters



slightly improved, but the response parameter range is
reduced.

4 SIMULATION PREDICTION AND
EXPERIMENTAL VERIFICATION

4.1 Numerical simulation analysis

Before the numerical simulation analysis, the
pre-processing for the numerical simulation was set.
While ensuring the accuracy of the simulation, the
workpiece grid number was set to 200000 and the mold
material was set to H-13 steel according to the calcula-
tion power of the equipment. In order to avoid a sudden
rise in the temperature after the mold touched the
workpiece, the preheating temperature of the mold was
set to 200 °C. The heat exchange coefficient between the
workpiece and die was set to 5 according to the preset
system. According to the optimal processing parameters
obtained with the above orthogonal test, the forging tem-

perature was 1050 °C, the forging speed was 27.5 mm/s,
and the friction coefficient was 0.2. Since the tempera-
ture has the most significant influence on recrystalli-
zation, it is very important to analyze the temperature
change in a forming process. Figure 5 shows the temper-
ature change of a blank in the forging process. In Fig-
ure 5c, it can be seen that the temperature distribution at
the indentation is not uniform. This is due to the temper-
ature difference between the blank and the mold, leading
to a decrease in the temperature when contact is made.
Some areas of the contact surface generate heat, so the
temperature distribution is uneven. In Figure 5d, it can
be seen that the temperature of the front end of the head
decreases greatly, and recrystallization is incomplete, re-
sulting in different grain sizes and an uneven overall
grain size.

Figures 6a and 6b show the medium effect strain
field during the forming process of the turnout core, and
the corresponding Figures 6c and 6d show the change in
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Figure 5: Temperature change during forging

Figure 6: Cloud maps of the strain and grain size



the average recrystallized grain size during the forging of
the turnout core. The strain is concentrated at the dent
because the shape variation is the largest; meanwhile,
recrystallization also takes the lead because deformation
first occurs at the dent. The overall grain size of the
workpiece is about 90 μm before deformation, and about
40–45 μm after mold closure. It is refined by about 50 %.

Figures 6(1,2,3) show the cross-sections of the turn-
out. When comparing these images, the grain size of sec-
tion (1) is observed to be larger than that of the other ar-
eas. This is because the shape variation of the front end
of the turnout is too small, resulting in low, or almost no,
recrystallization. The grains are less refined than those of
the other parts, indicating that dynamic recrystallization
requires temperature to provide energy. Large deforma-
tion is also required to break grain boundaries and make
the grain distribution more uniform after refinement.

Figure 7a shows the overall grain size distribution,
and Figure 7b shows the recrystallization point tracking
curves of the selected four parts. Based on the point
tracking curves, it can be effectively explained that the

grain size in profile (1) is larger than those in profiles (2)
and (3) due to the low degree of dynamic recrystalli-
zation.

Figure 8a shows the distribution of dynamic
recrystallization volume fraction at the end of forging,
and Figure 8b shows simulation results for dynamic
recrystallization volume fraction. Based on the cloud
map of recrystallization volume fraction in Figure 8b, it
can be observed that the dynamic recrystallization vol-
ume fraction in the main deformation region of the forg-
ing is high, indicating that almost all the red deformation
regions exhibit dynamic recrystallization, obvious during
forging. This also confirms the distribution behavior of
the dynamic crystallization volume fraction from Fig-
ure 8a.

In Figure 8a, when the volume fraction of recryst-
allization is 90 %, the volume fraction is only 20 % at
most, which is due to a special structure of the turnout.
The central end of the turnout barely deforms during
forging, so the volume fraction of dynamic recrystalli-
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Figure 7: Histogram of: a) grain size distribution and b) point tracking curves

Figure 8: Dynamic recrystallization volume fraction: a) histogram, b) simulated cloud image



zation is relatively low. Compared with Figure 8b, it can
be observed that the maximum recrystallization volume
fraction at the end of the turnout core is only about 60 %.

4.2 Experimental verification

To verify the accuracy of the numerical simulation of
the turnout core, landing forming experiments were con-
ducted on the turnout core casting workpiece. Figure 9
illustrates the overall process of the forming experiment.
The working process is as follows: (a) the workpiece is
taken out of the furnace; (b) the oxide scale is manually

removed; (c) the workpiece is placed in the mold; (d) the
die is beginning to close; (e) die closing is completed; (f)
at the end, the state of the forging is inspected; (g) the
forging is put back into the furnace for heat preservation;
(h) water-toughening treatment is conducted on the forg-
ing.

To further observe the microstructure of key parts of
the frog center, the turnout core was cut and sampled.
After grinding and polishing, the sample was etched with
oxalic acid solution. The microstructure was observed
under an optical microscope and electron microscope. It
can be seen from Figure 10 that the microstructure of
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Figure 10: Microstructures of the sampling sections of the turnout

Figure 9: Experiment process



the material at each sampling location is different. Com-
bined with the forging of the turnout core, indentation is
the first part of the deformation of the turnout core and
also the part with the largest shape variation. Thus, the
temperature of this part was kept at a higher level and
dynamic recrystallization was relatively thorough. There-
fore, as shown in Figure 10a, the grain boundaries in the
microstructure are clearly visible, the grain size is uni-
form, and the grain refinement is obvious.

Figure 10b shows the main part of the crossing cen-
ter of the turnout. The working condition was harsh, so
we chose to observe the structure of the turnout. Al-
though the shape variation at this part was not the larg-
est, the grain size increased after the grain boundary mi-
grations due to the thermal effect caused by metal
heating. Thus, its structure is mainly uniform, having
large grains. The strength and toughness of the site were
improved with the increase in the homogeneity of the
structure.

Figure 10c shows the sampling location at the tip of
the forging. Based on a simulation strain field analysis,
we can conclude that the cast workpiece tip retains a
slope at a certain angle, so the tip shape variation is min-

imal, and the dynamic recrystallization of the micro-
structure is low. Therefore, the original grain size is the
standard for this part, the grain boundaries are fuzzy, the
grain size is difficult to determine, and the overall struc-
ture is not uniform. This also verifies the distribution of
strain field in the simulation process.

Figure 11 shows metallographic photos of the struc-
ture of the same sampling of the cast turnout obtained
with casting. Comparing Figure 10 and Figure 11, it can
be seen that the grains of the forged Hadfield steel turn-
out are smaller than those of the cast Hadfield steel turn-
out.

The change in the dynamic recrystallization micro-
structure of the forging causes a change in its macro-
scopic performance, which is specifically manifested as
a change in comprehensive mechanical properties. These
specific values are shown in Table 3. It can be seen that
the mechanical properties such as yield strength, tensile
strength, elongation and section elongation of the forged
turnout core are greatly improved and far better than the
standard values.

Table 3: Mechanical properties of the forgings

Mechanical
property

Tensile
strength

Rm (MPa)

Elongation af-
ter breaking

A (%)

Shock absorp-
tion work
(KU2/J)

Standard value �735 �35 �118
Test value 969 53 199
Increase rate 31.8 % 51.4 % 68.6 %

Figure 12 shows a comparison between the grain
size of each sampling point of the turnout core and the
numerical simulation grain size. According to the obser-
vation and measurement of the grain size of the actual
sampling of the turnout core, the grain size of the pro-
duced forging is basically consistent with the numerical
simulation. The error between each sampling position
and the simulation result is less than 5 %, which further
verifies the accuracy of the simulation model.
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Figure 11: Structure of the cast Hadfield steel turnout

Figure 12: Comparison of grain sizes of simulated and experimental
samplings



5 CONCLUSIONS

The flow stress curve for Hadfield steel was obtained
using thermal compression, and the recrystallization
model of the material was established. Then, the model-
ing and forging simulation of the turnout core were car-
ried out, and the prediction of the microstructure evolu-
tion of the turnout core during forging was realized. The
following conclusions were drawn:

(1) The grain size of forgings increases with increas-
ing temperature, but the microstructure uniformity of
forgings first increases and then decreases with an in-
crease in the temperature. With increasing forging speed,
the grain size and forging structure uniformity first de-
crease and then increase. The effect of friction is similar
to that of speed. Although the principle of friction is dif-
ferent from the principle of speed, the corresponding
uniformity of organization is the same in both cases, i.e.,
it is first reduced and then increased, while the grain size
is constantly increasing.

(2) The three process parameters studied in this paper
have different degrees of influence on the
recrystallization of high-Mn forgings in the forging pro-
cess. Temperature is the most obvious effect, followed
by friction, and forging speed. According to the simula-
tion analysis, the microstructure of forged parts is the
most uniform under the following parameters: a forging
temperature of 1050 °C, friction of 0.2 and a forging
speed of 27.5.

(3) In the forming of turnout core forgings, the initial
deformation, the largest shape variation and the most
challenging forming areas are concentrated in the turnout
core depression. However, larger deformation promotes
dynamic recrystallization, resulting in a finer micro-
structure in this area and a more uniform overall struc-
ture. The experimental measurements show that the grain
size of the produced turnout core is in agreement with
the simulation analysis, and the accuracy of the
recrystallization model is verified once again.
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