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The deformation behavior and microstructure of 25CrMo4 axle steel was systematically investigated by thermal compression
deformation. The hot-compression test of a 25CrMo4 axle steel sample was carried out on a Gleeble-3800 thermal mechanical
simulation tester. The flow behavior of the alloy was studied at the deformation temperature (900—1200 °C), strain rates (0.01;
0.1; 1.y s and the maximum deformation of 60 %. The flow curves under different deformation conditions were obtained, and
the effects of the deformation temperature and strain rate on the appearance of the flow curves are discussed. The true
stress-strain curve obtained by experiment is modified by friction. Based on the corrected experimental data, the activation en-
ergy determined by the regression analysis was Q = 311 kJ/mol, and the constitutive model was constructed. The high-tempera-
ture flow behavior of the 25CrMo4 axle steel was described by the Zener-Hollomon parameter. The optimum hot-deformation
process parameters were delermined based on the hot processing maps, followed by the analysis of the microstructure character-
istics of the alloys under optimum hot working. The results show that the suitable hot-deformation process parameters of the al-
loy are as follows: deformation temperature is 1050-1200 °C, and strain rate is 0.01 s t0 0.14 57",

Keywords: 25CrMo4 axle steel, hot-compression test, hot processing map, [riction correction

Avtorji so v ¢lanku preiskovali vro¢o tlatno deformacijo jekla za osi in gredi vrste 25CrMo4. Preizkusi so bili izvajani na
preizkudevalniku za termi¢no mehansko simulacijo Gleeble-3800. Preucevali so plasti¢no teCenje izbranega jekla v obmocjih
temperatur deformacije med 900 °C in 1200 °C, pri hitrostih deformacije 0,01s57", 0,157 in 1,0 s7' ter maksimalni 60 %-tni
deformaciji. Pri izbranih pogojih deformacije je bila izdelana krivulja plastifnega teCenja, obravnavali pa so tudi vpliv izbranih
pogojev deformacije. Dobljene eksperimentalne krivulje odvisnosti med pravo (resnino) napetostjo in pravo deformacijo
(angl.: true stress-true strain) so modificirali z vplivom trenja. Na osnovi korigiranih eksperimentalnih podatkov so z regresijsko
analizo dolocili aktivacijsko energijo @ = 311 kJ/mol in konstruirali konstitutivni model. Visokotemperaturno deformacijo jekla
25CrMo4 so opisali s Zener-Hollomonovim parametrom. Na osnovi procesne mape vrofe deformacije so dolo¢ili optimalne
parametre vroce tlafne deformacije za izbrano jeklo. Sledila je analiza mikrostrukiure pri optimalnih pogojih vrofe deformacije.
Rezultati raziskave so pokazali da je za izbrano jeklo najprimcrnc1i§i procesni pogoj vrofe deformacije: temperatura deformacije
med 1050 °C in 1200 °C ter njena hitrost med 0,01 s'in 0,14 s

Kljucne besede: jeklo za gredi in osi 25CrMo4, vroci tladni preizkus, procesna mapa

1 INTRODUCTION axle working environment, so axle steel needs to have
good toughness, high strength and hardenability to en-
sure its fatigue strength and service life. A study of the
influence of deformation temperature and deformation
rate on the mechanical behavior and microstructure evo-
lution of 25CrMo4 axle steel provides valuable reference
for the optimization of axle performance and quality.

At present, the research on 25CrMo4 axle steel
mainly focuses on the influence of the heat treatment

A railway is the artery of a national economy and the
key to ensuring economic development in various re-
gions.! Compared with other modes of transportation, a
railway is less affected by weather. Because of its fre-
quent transportation and low cost, railway occupies a
greater advantage in the transportation industry. As an
important part of high-speed trains, axles realize the

functions of bearing, guiding and braking in vehicle op- s on the microstruct d hanical i
eration. Because of the complex working conditions and Process on the MICTOSIUCITE and MEeChanical propertes

poor application environment, its performance and man-  ©f the material, and there are also some reports on its

ufacturing quality are directly related to the safety and ~ Mechanical behavior and microstructure evolution. Huo
reliability of train operation.® High speeds and heavy et al.* studied the hot-compression deformation behavior

loads are the main characteristics of high-speed railway ~and microstructure evolution of 25CrMo4 steel at
1040-1160 °C. Zhou et al. studied the dynamic recrys-

*Corresponding author’s e-mail: tallization behavior of 25CrMo4 steel, determined the
yuanming.huo@sues.edu.cn (Yuanming Huo) dynamic recrystallization model and established the pro-
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Table 1: Chemical composition of 25CrMo4 axle steel (w/%)

C Si Mn Cr P

S Ni Cu Mo Fe

0.20 0.22 0.65 0.94 0.024

0.005 0.03 0.09 0.17 balance

cessing map.>® Jiang et al.” studied the hot-compression
deformation behavior of 25CrMo4 steel at strain rates of
0.1-10.0 s', deformation temperatures of (1050; 1100;
1150) °C, and established the peak stress constitutive
Equation of 25CrMo4 steel. In the process of plastic de-
formation, the flow stress of the material determines the
load and energy required for processing.® The constitu-
tive model reflects the relationship between the stress
temperature, and strain rate. It is an essential model in
the calculation and simulation of high-temperature defor-
mation processes. It can be used to describe the flow be-
havior of materials in the process of hot deformation.
Arrhenius model,” Johnson-Cook,'” Zerilli-Armstrong'!
and Norton-Hoff model'? are commonly used to describe
the flow stress constitutive Equation of metallic materi-
als at high temperatures. With the improvement of
workpiece precision requirements, optimizing the
hot-processing parameters is one of the main means to
accurately control the microstructure and mechanical
properties. At the same time, the flow stress of the mate-
rial will be affected by the deformation degree, deforma-
tion temperature, deformation rate, friction force and
temperature-rise effect.”” In order to obtain an accurate
mathematical model and processing map, the original ex-
perimental data need to be corrected. Wu et al." cor-
rected the flow stress curve of SA508-3 steel at tempera-
tures of 800-1200 °C and a strain rate of 0.001 s by
friction. The corrected true-stress value is always less
than the experimental value. The stress obtained from the
experiment cannot correctly represent the real stress of
the material, so it is necessary to correct the friction of
the experimental data.

The aim of this work is to study the deformation be-
haviour and microstructure evolution of 25CrMo4 axle
steel at the high temperature. Firstly, hot-compression

Figure 1: Gleeble-3800 thermal simulator machine
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tests were conducted with different process parameters to
obtain the stress-strain relationship of 25CrMo4 axle
steel. Secondly, we corrected the stress-strain data by
friction, and established the constitutive Equation and
hot processing map of the alloy. Thirdly, the effects of
deformation temperature and strain rate on the mechani-
cal behavior and microstructure evolution of 25CrMo4
axle steel were studied, and the suitable hot-processing
parameters of the alloy were obtained.

2 EXPERIMENTAL PART

The material used in this paper is 25CrMo4 hot-
rolled round steel bar (¢p 12 mm) purchased from a steel
plant. The chemical composition is shown in Table 1.

Before hot compression, the alloy bar was cut into a
cylinder of ¢ 10 mm x 15 mm by wire cutting. The hot
compression test was carried out on Gleeble-3800 ther-
mal mechanical simulation tester. The test equipment is
shown in Figure 1.

The deformation temperatures were (900; 950; 1000;
1050; 1100; 1150; 1200) °C, and the strain rates were
0.01 s7',0.1 s'and 1.0 s-'. The compression deformation
of the sample was set to 60 %. The temperature of the
sample is precisely controlled by a thermocouple. The
thermocouple is welded in the middle of the sample with
a spacing of 1-2 mm. The sample was heated to 1200 °C
at a heating rate of 10 °C/s and kept for 3 min. Then the
sample was cooled to the test temperature (900; 950;
1000; 1050; 1100; 1150; 1200) °C at a cooling rate of
10 °C/s for the compression test."” The hot-compression
process of 25CrMo4 axle steel is shown in Figure 2. Af-
ter the compression is completed, the sample is
quenched by water immediately to retain the micro-
structure of the sample after hot compression. The data
are automatically collected and saved by computer.

N
Compression temperature:(900-1200)°C
Strain rate:(0.01-1.0)/s
Cooling rate o
% 5°Cls Holding time
60s
2 10mm
& -»{ 10mm |
= H
=
Heating rate wQ
10°C/s
Time

Figure 2: The hol-compression process of 25CrMo4 axle steel

Materiali in tehnologije / Materials and technology 55 (2021) 6, 843-850



K. LIU et al.: HIGH-TEMPERATURE DEFORMATION BEHAVIOR AND HOT-PROCESSING MAP ...

In the hot compression test, the 'waist drum' pheno-
menon'¢ easily occurs because the upper and lower ends
of the sample inevitably produce friction in the machine
contact. The validity of the experimental data is usually
verified by the expansion coefficient B'”. When B = 0.9,
the data is considered to be valid. The calculation for-
mula is as follows:

_Lyd,
Ld?

1

B (D

In Equation (1), B is the expansion coefficient; Ly is
the original length of the sample; dy is the original diam-
eter of the sample; L, is the average length of the com-
pressed sample; d; is the mean diameter of the com-
pressed sample.

Through measurement and calculation, the expansion
coefficient B is 1.09, indicating that the test results are
effective. The compressed sample was cut along the di-
ameter by a wire-cutting machine. In order to facilitate
the subsequent operation, and the sample is setted by the
hot-pressing inlay method. Rough grinding, fine grind-
ing, polishing and corrosion of sample cross section.
Corrosion solution using 60 mL pure water, 0.1 mL

H,0,, 2.5 saturated picric acid solution, 0.2 g
CJnggN&O]S.
200
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Figure 3: Experimental flow curves under different deformation con-
ditions
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Place the prepared corrosive solution in the 50 °C
constant-temperature water bath for heating and storage.*
After soaking the polished surface in the corrosive solu-
tion for about 1 min, remove the sample immediately and
rinse the polished surface with pure water, and then
wiped with alcohol cotton ball and dried. Finally, the
grain morphology was observed by optical microscope
and the microstructure photos were obtained.

3 RESULTS AND DISCUSSION

3.1 Characteristic analysis of flow stress curve

The flow-stress curve can reflect the deformation
characteristics of the material in the plastic-deformation
process. The flow stress curves of the 25CrMo4 axle
steel at different deformation temperatures and strain
rates are obtained in the experiment, as shown in Fig-
ure 3.

The curves under different deformation conditions
show similar changes, and the true stress value is posi-
tively correlated with the deformation at the initial stage
of deformation. When the peak stress is reached, with
the increase of deformation, the true stress decreases to a
certain stress value and tends to be stable, and the stress
curve presents typical dynamic recrystallization charac-
teristics.'®

It can be seen from Figure 3a that at the same strain
rate and different deformation temperatures, the higher
the temperature, the shorter the time when the stress
reaches the peak value, the smaller the peak stress, and
the smaller the stress value at stable state. On the one
hand, it may be that higher deformation temperature is
beneficial to the early occurrence of dynamic recovery
during the work-hardening stage. On the other hand, a
higher deformation temperature makes recrystallization
occur in a smaller deformation. At the same time, the
work hardening against with the softening effect of dy-
namic recovery and recrystallization, so that makes the
stress value smaller in a stable period."”

3.2 Friction correction of flow-stress curve based on
Ebrahimi R Criterion

In the compression process, the friction between the
sample and the discharge head will hinder the metal flow
at the end face of the sample, change the stress state of
the sample, and make the stress of the sample higher
than the ideal state. Therefore, it is necessary to correct
the true stress-strain curve by friction."* Ebrahimi et al."”
proposed a friction-correction formula, in this paper, the
curve is corrected by Equation (2).%

2
p= 0 2
(2e" —C-1)

In Equation (2), Py is the flow stress before correc-

tion, P, is the flow stress after correction. The instanta-
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neous correction constant C is expressed by Equation
3):

2uR
p (3)

hy,
R_RO\/; (4)

In Equation (3), R is the instantaneous radius of the
sample, u is a friction factor. In Equation (4), Ry is the
initial radius of the sample, h is the instantaneous height
of the sample and Ay is the initial height of the sample.

R

Lb

l"Il

4 2b

V3 33

[h
R =R, |-* (6)
l"Il

In Equation (6), R, is the average radius of the de-
formed sample; h; is the height of after deformed sam-

ple.

C =

u= )

h
b:4§-—' (7)
R Ah,
Ah, =h,—h, (®)

— Primary

True stress

0
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Figure 4: Flow-stress curves before and after correction
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In Equation (7), Ak, is the compression variable; AR
is the difference between the maximum bulging radius
and the bottom radius of the sample, and the average
value is measured repeatedly to reduce the measurement
erTor.

The stress-strain curve of 25CrMo4 axle steel after
friction modification is shown in Figure 4. The change
trend of the flow stress curve before and after the friction
modification is consistent, and the modified stress value
is always less than the measured value. With the increase
of the strain, stress deviation increases gradually before
and after modification, which indicates that the influence
of friction on the flow stress curve increases gradually.
The reason may be that the inhomogeneity caused by
friction during compression is proportional to the strain
variable. At the beginning of compression, the deviation
between the corrected curve and the measured flow
stress curve is small. With the continuous increase of de-
formation, the drum deformation of the sample become
large, and the contact area made large.'* The effect of
friction on flow stress increases gradually and the devia-
tion between the corrected value and the measured value
gradually increases. It can be found from Figure 4 that
even if the lubrication effect is good in the experiment,
the bulge of the sample after machining is small, and the
friction still has a certain influence on the flow stress.
The importance of using tantalum sheet in a high-tem-
perature compression experiment and friction correction
of the curve after the experiment is further explained.

3.3 Construction of constitutive Equation

Under high-temperature deformation, the Arrhenius
Equation® is widely used to describe the relationship
among flow stress, deformation temperature and strain
rate.21.22

e
&= Af(0)e *" (9

In Equation (9), £ is the strain rate, T is the absolute
temperature, R is the gas constant, R = 8.314 J/(K-mol),
Q is the activation energy for hot deformation.

0"ao<0.8
f(o) =1 exp(po)ac>1.2

[sinh(ao) ] for all &

(10)

In Equation (10), n, a, # are material constants. Un-
der all stress states, Equation (9) can be expressed as:

_e
&£ =|[sinh(ao) ] e ** (11)
In Equation (11), A is a material constant. The effect
of deformation temperature and strain rate on deforma-
tion behavior can be described by Zener-Holloman:*
e

Z=¢e ¥ = A[sinh(ao)]' (12)
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Figure 5: Relationship between flow stress and strain rate for

25CrMo4 axle steel at different temperatures

When the deformation temperature or strain rate is
constant, the linear regression diagrams between the log-
arithm of flow stress and strain rate (In o — In &, In
(sinh(a-0)) — In &), flow stress and the logarithm of strain
rate (o— In ¢), the logarithm of flow stress and the recip-
rocal of absolute temperature (In (a-0)— 1/T), the loga-
rithm of flow stress and the logarithm of Z (In (a-0)- In
Z) are shown on Figures 5 to 8.

The required constants of the constitutive Equation
can be obtained from the average slope of the straight
line in Figures 5 to 8. Calculated: A = 3.18 x 10'' 7!,
a =0.011689 MPa™', n = 4.8975, Q = 311.1914 kJ/mol.
In Figure 8, the correlation coefficient reaches 0.9884,
which demonstrates the high accuracy of the material
constants for describing the flow stress.

1
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XA +
1 2 3

+ 900°C
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950°C
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1000°C
1050°C

In(e7/s1)

1100°C
1150°C

o ¢ X P

1200°C

-5
0
In(sinh(as))

Figure 6: Relationship curves of In (sinh(z-0)) — In £€) for 25CrMo4
axle steel at different temperatures
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3.4 Determination of optimum process parameters for
25CrMo4 axle steel based on hot-processing map

3.4.1 Establishment of hot-processing map

The hot-processing map is mainly based on the dy-
namic material model theory, it reflects the suitable pro-
cessing conditions of materials under different deforma-
tion conditions. According to the law of conservation of
energy, the energy consumption in machining process
can be written as:?

P=G+J (13)

In Equation (13), P is the total energy for the external
input to the material. G is a dissipative energy, which is
the energy consumed by the plastic deformation of mate-
rials under an external force. J is the dissipation coeffi-
cient, which is the energy consumed by certain changes
in grain structure during the thermal deformation of ma-
terials.

The instantaneous power P consumed per unit vol-
ume of material can also be expressed as the product of
strain rate and flow stress, and Equation (13) can be writ-
ten as:

[4 o
P:oé:GH:jadéJrjéda (14)
0 0

In the thermal deformation process, when the temper-

ature and strain are constant, the flow stress can be ex-

/
A 0.01l/s
< 0.l/s

0 lfs

=
Ln

In(sinh(ac))
& o

[
p—

-1.5
0.65 0.7 0.85 0.9

0.75 0.8
10°K/T

Figure 7: Relationship between flow stress and deformation tempera-
tures of 25CrMo4 axle steel

36
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Figure 8: Relationship between flow stress and Zener-Hollomon pa-
rameter
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Ing”
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Figure 9: The hot-processing map for strains 0.2, 0.4, 0.6 and 0.7

pressed as o = Ké™, where K is a constant, and m is the
strain rate sensitivity index.

dJ [3 lno}
m=—="=
dG de |,

In the nonlinear dissipation process, the ratio of the
energy consumed by the evolution of microstructure dur-
ing thermal deformation to the total energy consumed
during thermal deformation can be expressed by a
dimensionless parameter #:

J 2m

(15)

J . 14m

max

(16)

The Kumar-Prasad instability criterion®*? derived
from the principle of irreversible mechanical extremum
can be expressed as:

m

a1
@)=

m+1
dlne

In Equation (17), & is the instability factor, and the re-
gion with £(£) < 0 is the instability region.

+m <0

a7

3.4.2 Analysis of the hot-processing map and micro-
structure evolution

The friction correction data are extended by cubic
spline interpolation method, and the hot processing maps
are drawn when the strain is 0.2, 0.4, 0.6 and 0.7, respec-
tively.

848
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As shown in Figure 9, the value on the contour is the
power dissipation efficiency (that is the value of %),
which reflects the change rate of the microstructure dur-
ing the hot-working deformation of materials. When the
value of # is higher, the tissue transformation is more
stable. The shadow part is the superimposed instability
diagram, and the selected area of red solid line box rep-
resents the "unsafe" area with instability parameter less
than zero, which should be avoided in the actual thermal
processing. It can be seen from Figure 9 that when the
strain is 0.4, the instability region contour is similar to
that when the strain is 0.2, but the area of the “unsafe”
region is large. When the strain is 0.6 and 0.7, the con-
tour of the instability region is similar.

A low-deformation temperature cannot provide the
driving force for dynamic recrystallization, resulting in
coarse grains. Too high a deformation temperature inhib-
its the occurrence of dynamic recrystallization. Under
the same deformation, the deformation time is positively
correlated with the strain rate. The deformation time is
shortened, and the grain cannot be changed, which is
also not suitable for workpiece processing. From the hot
processing map, we can see that the unstable region is
mainly concentrated in the left side of the hot-processing
map, that is the high-temperature and high-strain-rate re-
gion and the low-deformation temperature region.

It will appear as two instability regions when the
strain is 0.2. In the instability region I, the deformation

Materiali in tehnologije / Materials and technology 55 (2021) 6, 843-850
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Figure 10: Microstructure of 25CrMo4 deformed at: a) 7= 1050 °C, £ = 0.1 s", b) T=1100°C, £ =0.1 s", c)T=1150°C,£=0.1 5!

temperature is low, resulting in less energy to change the
microstructure of the material, and the alloy is likely to
produce adiabatic shear band due to thermal viscoplastic
instability. In the instability region II, under high temper-
ature and high strain rate, the material easily becomes
unstable due to the local flow caused by the stress con-
centration by heat and interface slip.?® In the low-strain-
rate region with strain rate of 0.01 s and the tempera-
ture of 10751175 °C, the maximum power dissipation
value reaches 0.33, which is the processing safety region.

In general, the material instability refers to the adia-
batic shear or local rheological instability of the material
in the deformation process, and the instability in the ac-
tual production process is not suitable for the machining
of the workpiece. In addition to the instability region,
there is no region where the power-dissipation factor de-
creases sharply with the decrease of the strain rate. Al-
though with the increase of strain, the mean value of the
power-dissipation factor decreases slowly, and the pro-
portion of dissipation energy in the tissue evolution de-
creases, all belong to the safe processing region, which
can be selected according to the actual processing re-
quirements. The power dissipation factor in the purple
dashed line shows a gradual increase, which is the most
suitable deformation region selected in this paper, and it
is the best processing region.

The microstructures of the samples in the optimal
processing area, 1050 °C-0.1 s*!, 1100 °C-0.1 s*! and
1150 °C-0.1 s, are shown in Figure 10.

Figures 10a to 10c show the micrographs of
25CrMo4 axle steel with forming temperatures of (1050;
1100; 1150) °C, respectively. It is obvious that the aver-
age grain size increases with the increase of the deforma-
tion temperature. The average grain sizes were measured
as 23.53 um, 36.7 ym and 48.78 um. It can be seen from
Figure 10 that the grain morphology of 25CrMo4 axle
steel is mostly uniform equiaxed grains, the microstruc-
tures of these samples exhibit wavy grain boundaries,
which are indicative of a dynamic recrystallization pro-
cess. These results match with the predictions of the pro-
cessing map, so 25CrMo4 axle steel is suitable for hot
processing in this region. Among them, the small black
spots in the grain boundaries are carbide particles that

Materiali in tehnologije / Materials and technology 55 (2021) 6, 843-850

are not completely dissolved and diffused in the austenit-
izing process. With the increase of the strain rate, the
number of residual unmelted carbides decreases gradu-
ally, and the width and number of deformation bands de-
crease obviously.

4 CONCLUSIONS

On the Gleeble-3800 thermal simulation test ma-
chine, the hot-compression tests of axle steel were car-
ried out at the strain rates of 0.01 s, 0.1 s-!, 1.0 s-! and
the deformation temperatures of (900; 950; 1000; 1050;
1100; 1150; 1200) °C, and the stress-strain curves of
25CrMo4 axle steel were obtained. The flow-stress
curves are similar under different deformation condi-
tions, and have obvious dynamic recrystallization char-
acteristics. In the initial stage of deformation, the true
stress increases rapidly with the increase of strain. When
the true strain reaches a certain value, the curve reaches
the peak. With the continuous increase of deformation
degree, dynamic recrystallization occurs, and the mate-
rial softens, and the true strain decreases.

The results of friction correction of flow stress data
show that the change trend of the curve before and after
friction correction is consistent, and the corrected stress
value is always less than the measured value. With the
increase of strain, the difference of true-stress value be-
fore and after modification increases gradually, and the
influence of friction on the flow-stress curve increases
gradually. The deviation between the corrected value and
the measured value increases gradually.

Based on the dynamic material model, the hot-pro-
cessing map of the 25CrMo4 axle steel is established by
using the true stress-strain curve corrected by friction. It
is found that there are two unstable regions in the pro-
cessing map of 25CrMo4 axle steel when the strain is
0.2. The unstable region is mainly concentrated on the
left side of the processing map, that is the high-tempera-
ture and high-strain-rate region and the low-deforma-
tion-temperature region. The suitable hot-deformation
process parameters of the 25CrMo4 axle steel are ob-
tained: deformation temperature is 1050-1200°C, strain
rate is 0.01 s-' to 0.14 s,
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