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The microstructure, properties and precipitation of rolled bars and a crankshaft were studied with experiments and numerical
simulations. Compared with the rolled bars, the microstructure of the crankshaft was coarsened, and the volume fraction of
ferrite decreased because of the uneven strain, the metal flow and the fast cooling rate during the forging process. The main
precipitation in ferrite involved V (C, N) particles, which became more dispersed after the forging. As a result, the strength of
the crankshaft was higher than that of the rolled bars, while the plasticity was lower. The results provided some additional
information about the quality improvement of rolled bars and the basis for optimizing the crankshaft-forging process.
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Avtorji prispevka so eksperimentalno in s pomo~jo numeri~nih simulacij preu~evali mikrostrukturo, lastnosti in izlo~evalno
utrjevanje valjanih palic in ro~i~ne gredi. V primerjavi z valjanimi palicami je bila mikrostruktura ro~i~nih gredi grobozrnata in
volumski dele` ferita se je zmanj{al zaradi neenakomernih deformacij, plasti~nega toka kovine in hitrega ohlajanja med
kovanjem. Glavni proces precipitacije iz ferita je potekal v obliki izlo~anja V (C, N) delcev, ki so bili po kovanju bolj
enakomerno porazdeljeni po kovinski osnovi. Posledi~no so imele ro~i~ne gredi ve~jo trdnost, a manj{o plasti~nost (duktilnost
in `ilavost) kot valjane palice. Rezultati {tudije so avtorjem omogo~ili pridobiti nekaj dodatnih informacij o izbolj{anju valjanih
palic in bili osnova za optimiranje procesa kovanja ro~i~nih gredi.
Klju~ne besede: nekaljeno in pobolj{ano jeklo, izlo~anje, ro~i~ne gredi, mikrostruktura, numeri~ne simulacije

1 INTRODUCTION

Non-quenched and tempered (NQ&T) steel is based
on medium- and high-carbon steel made by adding a cer-
tain amount of micro-alloy elements, which can exhibit
the mechanical properties of the quenched and tempered
steels without quenching or tempering after the deforma-
tion. Comparing it with quenched and tempered steel,
NQ&T steel has many advantages such as energy saving,
emission reduction, simple processing, short production,
low costs, etc.1–5

The crankshaft is an important part of the automobile
engine.6–8 The final microstructure is very important as it
directly affects the service life of the crankshaft. The
pressure to save energy and reduce emissions is increas-
ing with the rapid increase in the car production and
ownership. As a result, the usage of NQ&T steel for au-
tomotive parts is attracting more and more attention.
There are more and more researches on the forging and
structural properties of NQ&T steel crankshafts.9–12

The microstructure and mechanical properties of
38MnNS5 NQ&T steel crankshafts at different forging

temperatures and different cooling processes after the
forging were analyzed.13 In order to control the magnetic
mark defect, the effects of the cumulative reduction, pass
reduction and deformation temperature on the evolution
of the quantity, size and morphology of MnS inclusions
during the rolling of the NQ&T crankshaft steel C38N2
were studied.14 The microstructure-refinement effect of
alloying elements Nb, Ti and S was investigated by ana-
lyzing the austenite grain growth behavior and hot-rolled
microstructure of a non-quenched steel for crankshafts.15

The effects of the heating temperature and cooling speed
on the number of ferrite grains, the average diameter of
ferrite grains and the volume percentage of ferrite were
analyzed.16 During the research of the die-forging tech-
nology for crankshafts made of non-quenched steel, De-
form-3D software was used to simulate the forming of a
crankshaft.17

Many processes are needed to forge a crankshaft be-
cause of its complex shape. In such a complex forming
process, the metal flow is severe, and the strain is non-
uniform. These factors have large influences on the mic-
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rostructure of NQ&T crankshafts after the forging.18–22

The microstructure optimization of crankshafts is very
important as it directly affects their mechanical proper-
ties and service life.

1538MV is a kind of pearlite + ferrite NQ&T steel
and its application for crankshafts has not been studied
sufficiently. In this study, based on a numerical-simula-
tion analysis, the microstructures and mechanical proper-
ties of rolled bars and crankshafts were compared and
analyzed. The microstructure evolution of the 1538MV
material during the forging process was determined, pro-
viding some supplementary information about improving
the quality of 1538MV NQ&T steel crankshafts.

2 EXPERIMENTAL PART

2.1 Materials

Rolled bars and crankshaft forgings were obtained
from a forging workshop, and the material was 1538MV.
The crankshaft forgings were produced on a 4000-ton
hot-die forging press. The initial forging temperature was
1180 °C, and the forgings were air cooled directly after
the forging. Their chemical composition is shown in
Table 1. The forging of a crankshaft is shown in Figure
1: the diameter of the rolled bar is 85 mm; the diameters
of the main journal and connecting-rod journal were
54 mm and 39 mm, respectively. The mechanical proper-
ties of the rolled bar and crankshaft were obtained with
tensile tests.

Samples were cut from the rolled bar, main journal
and connecting-rod journal. Sampling positions included
the surface, radius midpoint and core, in which the main
journal and connecting-rod journal were sampled along
the flash side. The grain size and structure content were
measured using the Image Tool analysis software. The
microstructure was observed using optical microscopy
and transmission electron microscopy:

1) The samples were polished and etched with 4-%
nital, then observed with a ZEISS AxioScope A1
optical microscope.

2) The TEM samples were prepared with mechanical
and chemical thinning methods and observed with a
EM-2100 (HR) transmission electron microscope.
The amounts of the elements from different positions

of the rolled bars were measured with a direct-reading
spectrometer, as shown in Table 2. It can be seen that the
amounts of C, Mn, S and Cr in the core and radius mid-
point were higher than those in the surface, especially in
the core area. The element-segregation zone was near the
radius-midpoint area.

Table 2: Chemical composition in different positions of rolled ma-
terial

position
Elements (w/%)

C Si Mn P S Cr V
core 0.406 0.587 1.44 0.012 0.094 0.182 0.087

radius
midpoint 0.383 0.576 1.40 0.010 0.065 0.178 0.080

surface 0.376 0.573 1.37 0.010 0.062 0.175 0.079

2.2 Numerical simulation

To analyze the strain distribution and metal flow, the
forging process of a crankshaft was simulated with the
Deform-3D software. The relevant data obtained through
thermal simulation experiments were imported into the
Deform material library and the mold was set as a rigid
body. Simulated parameters and boundary conditions
were chosen according to the forging parameters. The
initial temperature of the die was 200 °C, the initial tem-
perature of the blank was 1180 °C and the environment
temperature was 20 °C. The forging speed of the die was
240 mm/s. The friction coefficient between the blank and
the die was 0.3. The heat-transfer coefficient between the
blank and die was 11 N/(s mm °C), and the-heat transfer
coefficient between the blank and air was
0.02 N/(s mm °C).

3 RESULTS AND DISCUSSION

3.1 Numerical simulation results

As shown in Figure 2, the cross-section of a round
bar was marked in the circumferential direction and the
metal flow of the crankshaft’s main journal and
connecting-rod journal was simulated. The metal-flow
trajectory was a space curve and the cross-sectional view
was taken along the center of the vertical main journal.
The results showed the following: the crankshaft’s

Y. YONG et al.: MICROSTRUCTURE AND PROPERTY EVOLUTION OF THE 1538MV ...

548 Materiali in tehnologije / Materials and technology 52 (2018) 5, 547–553

Figure 1: Sampling sections of the crankshaft: 1) edge, 2) radius mid-
point, 3) core

Table 1: Chemical composition

Alloy
Elements (w/%)

C Si Mn P S Cr V N

1538MV
Composition range 0.36–0.41 0.5–0.65 1.3–1.45 max. 0.015 0.05–0.065 0.1–0.2 0.06–0.09 –

Measured value 0.38 0.56 1.39 max. 0.015 0.61 0.16 0.08 0.011



forging deformation was uneven, the metal at the center
of the raw material flowed to the center of the main
journal and the inner side of the parting surface of the
connecting-rod journal, the metal at the radius midpoint
flowed to the parting-surface edge of the main journal
and the center of the connecting-rod journal, and the
metal at edge flowed to the flash of the main journal and
the parting-surface outer edge of the connecting-rod
journal.

The strain distribution on the main journal and
connecting-rod journal after the forging is shown in
Figure 3. It could be seen that the strain at the surface of
the main journal and connecting-rod journal was higher
than the strain in their centers because of a severe defor-
mation of the metal at the flash. In addition, the strain of
the connecting-rod journal was higher than that of the
main journal because the connecting-rod journal’s sec-
tion was smaller and the deformation was larger.

3.2 Microstructural analysis

The surface microstructures of the rolled bar,
crankshaft’s main journal and connecting-rod journal are
shown in Figure 4. The radius-midpoint microstructures
of the rolled bar, crankshaft’s main journal and connect-
ing-rod journal are shown in Figure 5. The core micro-
structures of the rolled bar, crankshaft’s main journal and
connecting-rod journal are shown in Figure 6.

The quantitative analysis of the surface microstruc-
tures of the rolled bar, main journal and connecting-rod
journal showed that the volume fraction of ferrite was
about (26.5, 14.8 and 16) %, and the average grain size
of the original austenite was (61, 78 and 97) μm. The
rolled-bar surface microstructure had a higher ferrite
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Figure 3: Strain distribution after forging: a) main journal after
pre-forging, b) main journal after finial forging, c) connecting-rod
journal after pre-forging, d) connecting-rod journal after finial forging

Figure 2: Metal flow during the forging process: a) rolled material,
b) main journal after pre-forging, c) main journal after final forging,
d) connecting-rod journal after pre-forging, e) connecting-rod journal
after final forging

Figure 4: Microstructure of the surface: a) rolled bar – longitudinal section (26.5 % ferrite), b) main journal – longitudinal section (14.8 % fer-
rite), c) connecting-rod journal – longitudinal section (16 % ferrite), d) rolled bar – cross-section (26.5 % ferrite), e) main journal – cross-section
(14.8 % ferrite), f) connecting-rod journal – cross-section (16 % ferrite)



content and finer austenite grains. The structure was
coarsened after the forging, especially in the surface of
the connecting-rod journal. The crankshaft forging
requires a high forging temperature, which promoted the
growth of the austenite grains. This could be seen from
the metal flow during the simulation process. The
rolled-bar radius-midpoint metal flowed to the main-
journal surface, and the core metal flowed to the con-

necting-rod-journal surface. Continuous-casting material
exhibits a positive segregation of the alloying elements at
the radius-midpoint location, so the amounts of ferrite in
the main-journal surface and connecting-rod-journal
surface were lower.

The quantitative analysis of the radius-midpoint
microstructures of the rolled bar, main journal and
connecting-rod journal showed that the volume fraction
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Figure 5: Microstructure of the radius midpoint: a) rolled bar – longitudinal section (18.6 % ferrite), b) main journal – longitudinal section
(15.6 % ferrite), c) connecting-rod journal – longitudinal section (11.6 % ferrite), d) rolled bar – cross-section (18.6 % ferrite), e) main journal –
cross-section (15.6 % ferrite), f) connecting-rod journal – cross-section (11.6 % ferrite)

Figure 6: Microstructures of the core: a) rolled bar – longitudinal section (23.8 % ferrite), b) main journal – longitudinal section (19.2 % ferrite),
c) connecting-rod journal – longitudinal section (20.8 % ferrite), d) rolled bar – cross-section (23.8 % ferrite), e) main journal – cross-section
(19.2 % ferrite), f) connecting-rod journal – cross-section (20.8 % ferrite)



of ferrite was about (18.6, 15.6 and 11.6) %, and the
average grain size of the original austenite was (83, 99
and 85) μm. It could be seen that the radius midpoint of
the rolled bar had a higher ferrite content and the struc-
ture was coarsened after the forging. Rolled-bar heating
also promoted the austenite grain growth. Due to the
larger cross-section of the main journal and smaller
deformation, the austenite grain size at the radius mid-
point of the main journal was the largest. The main-jour-
nal grain size was the largest, so the ferrite amount
should have been reduced. However, the cooling speed
of the connecting-rod journal was faster than that of the
main journal, which made its ferrite amount lower than
that of the main journal.

The quantitative analysis of the core microstructures
of the rolled material, main journal and connecting-rod
journal showed that the volume fraction of ferrite was
about (23.8, 19.2 and 20.8) %, and the average grain size
of the original austenite was (90, 109 and 107) μm. After
the forging, the ferrite amount at the core of the main
journal and connecting-rod journal was reduced a little,
and the austenite grain was coarsened because of the
heating of the rolled bar. The main journal had a small
deformation and the average grain size of austenite was
slightly larger but less obvious than that of the con-
necting-rod journal. Because the core of the main journal
adopted the rolled-material segregation zone, the ferrite
amount was low. The core of the connecting-rod journal
also adopted the segregation zone, but due to a large
deformation and deformation-induced ferrite transforma-
tion, the ferrite amount was slightly higher than that of
the main journal.

After the forging, the ferrite amount of the crankshaft
was decreased and the austenite grains were coarsened.
To improve the metal fluidity and ensure good cavity
filling, the forging temperature of the crankshaft was

often high. Moreover, the forging deformation of the
crankshaft was smaller than that of the rolled bar, which
made the microstructure of the crankshaft coarser than
that of the rolled bar. In addition, the deformation of the
crankshaft was very uneven, the microstructure at the
position of the larger deformation was finer than that at
the position of the smaller deformation. It should be
noted that the rapid cooling rate in the phase transition
zone and the flow of the segregation zone had significant
influences on the microstructure of the crankshaft,
resulting in a decrease of the ferrite amount after the
forging. Moreover, the flow of the segregation zone to
the surface of the crankshaft could also easily cause a
magnetic flaw. To refine the forging microstructure,
improve the strength and toughness of the crankshaft, the
quality of the rolled bar should be strictly controlled and
the forging of the crankshaft should be optimized.

3.3 Precipitate composition and morphology

The precipitates in the ferrite of the rolled bar,
crankshaft’s main journal and connecting-rod journal
were observed and analyzed with a transmission electron
microscope. TEM morphology and EDS results for the
precipitates are shown in Figure 7.

The precipitates were mostly round, some were strip
shaped. The size of the precipitates in the ferrite was
about 8.5–11 nm, and the energy-spectrum analysis
showed that the precipitates were V (C, N) particles. The
precipitates in the ferrite of the main journal were
distributed uniformly, and their quantity was higher than
in the rolled bar, which tended to be dispersed, having
some parallel precipitates between the phases. Here, the
size of the precipitates was about 4.5–8 nm, and the
energy-spectrum analysis showed that the precipitates
were V (C, N) particles. There were many single precipi-
tates distributed evenly in the ferrite of the connecting-
rod journal. The precipitates were V (C, N) particles; the
size was about 5–9 nm, and there was a large number of
nano-vanadium precipitates agglomerated together.

V is one of the strengthening ferrite elements. It has
extremely strong affinity with C and N to form a stable
compound. The 1538MV NQ&T steel contains a few V
elements which can precipitate vanadium carbonitride.
Compared with the rolled bar, the size of the precipitates
had a refining trend; the quantity was increased and the
distribution was dispersed. The size, quantity and distri-
bution of the precipitates were affected by the forging
temperature and cooling rate after the forging. Therefore,
in addition to controlling the reasonable forging tempera-
ture, the cooling process should be further optimized to
ensure a reasonable ferrite shape, size and volume
fraction.

3.4 Mechanical-property analysis

Five rolled bars and their corresponding forgings
were selected for tracking experiments. The mechanical

Y. YONG et al.: MICROSTRUCTURE AND PROPERTY EVOLUTION OF THE 1538MV ...

Materiali in tehnologije / Materials and technology 52 (2018) 5, 547–553 551

Figure 7: TEM morphology of precipitates and EDS results: a) rolled
bar, b) main journal, c) connecting-rod journal



properties of the rolled bars and crankshafts are shown in
Tables 3 and 4. For the crankshaft, compared with the
rolled bar, the tensile strength increased by 20–40 MPa,
the yield strength increased by 30–70 MPa, the Brinell
hardness increased 2–15 HB, the elongation decreased
by 6.8–8.6 %, and the shrinkage ratio decreased by
3–11 %.

Table 3: Mechanical properties of the rolled material

No.
Tensile
strength
(MPa)

Yield
strength
(MPa)

Elon-
gation

(%)

Shrinkage
ratio
(%)

Hardness
(HB)

1 858 585 22 48 250
2 850 585 20.5 48 249
3 905 640 20 43 248
4 903 619 19.5 45 264
5 882 585 20.5 45 256

Table 4: Mechanical properties of the crankshaft

No.
Tensile
strength
(MPa)

Yield
strength
(MPa)

Elon-
gation

(%)

Shrinkage
ratio
(%)

Hardness
(HB)

1 900 654 14.1 38.9 259
2 894 616 12.0 36.6 255
3 930 668 11.5 39.8 263
4 921 694 12.7 37.0 266
5 903 633 13.3 39.5 267

The changes in the mechanical properties of the
crankshafts after the forging were caused by the follow-
ing changes in the microstructural characteristics: the
austenite grains were coarsened, the ferrite amount was
reduced, the quantity of the nano-vanadium precipitates
was increased, the size tended to be fine and the
distribution was dispersed. These microstructural charac-
teristics led to the fine-grain strengthening and precipita-
tion strengthening; furthermore, they resulted in
increased strength and hardness, and reduced plasticity.

4 CONCLUSIONS

1) After the forging, the ferrite amount of the crankshaft
decreased and the austenite grains coarsened. A
higher forging temperature and smaller deformation
made the microstructure of the crankshaft coarse.
The rapid cooling rate in the phase-transition zone
and the flow of the segregation zone had significant
influences on the microstructure of the crankshaft,
resulting in a decrease in the ferrite amount after the
forging.

2) The size of the precipitates had a refining trend, the
quantity increased and the distribution was dispersed
after the forging. The size, quantity and distribution
of the precipitates were affected by the forging tem-
perature and cooling rate after the forging. Therefore,
in addition to controlling the reasonable forging
temperature, the cooling process should be further
optimized.

3) The crankshaft’s strength and hardness increased,
while the plasticity was reduced. The changes in the
mechanical properties were caused by the changes in
the microstructural characteristics. Therefore, the
microstructure of a crankshaft should be strictly con-
trolled to ensure its overall mechanical properties.
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