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The combination of hot/warm and cold forging with an intermediate controlled cooling process is a
promising approach to saving costs in the manufacture of automobile parts. In this work, the effects of the
ferrite–pearlite microstructure, which formed after controlled cooling, on the cold forgeability of a medium-
carbon steel were investigated. Different specimens for both normal and notched tensile tests were directly
heated to high temperature and then cooled down at different cooling rates, producing different ferrite
volume fractions, ranging from 6.69 to 40.53%, in the ferrite–pearlite microstructure. The yield strength,
ultimate tensile strength, elongation rate, percentage reduction of area, and fracture strain were measured
by tensile testing. The yield strength, indicating deformation resistance, and fracture strain, indicating
formability, were used to evaluate the cold forgeability. As the ferrite volume fraction increased, the cold
forgeability of the dual-phase ferritic–pearlitic steel improved. A quantitatively relationship between the
ferrite volume fraction and the evaluation indexes of cold forgeability for XC45 steel was obtained from the
test data. To validate the mathematical relationship, different tensile specimens machined from real hot-
forged workpieces were tested. There was good agreement between the predicted and measured values. Our
predictions from the relationship for cold forgeability had an absolute error less than 5%, which is
acceptable for industrial applications and will help to guide the design of combined forging processes.
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1. Introduction

For fabrication of complex automobile parts, the combined
hot/warm and cold forging process has become widely adopted
(Ref 1, 2). Hot/warm forging can be used to obtain complex
shapes though large deformations, while cold forging is used to
achieve high-dimensional accuracy requirements. Different cold
forging processes, including cold ironing (Ref 3) and compress-
ing finishing (Ref 4), have been investigated experimentally and
by finite element simulations. These results have shown that the
specific dimensions and a greatly improved surface finish can be
achieved through the use of cold forging as a post-process after
hot/warm forging. In this work, a flange shaft was formed by
three-stage hot forging together with a cold ironing process.With
forward extrusion, upsetting, and backward extrusion, the
complex shape was hot-forged, and the well-defined length of
the flange shaft was achieved by cold ironing, as shown in Fig. 1.

The use of residual energy from hot/warm forging is a
promising way to shorten the production line, which would
result in cost savings for automobile part manufacture.
Following the controlled rolling process, a controlled cooling
process is used to make raw materials like carbon steel (Ref 5),
low-carbon alloyed steel (Ref 6), and medium-carbon microal-

loyed (Ref 7) steel in bar or pipe shapes. Controlled cooling has
already been shown to be effective in taking advantage of
residual heat from hot working.

For medium-carbon structural steel, which is widely used in
automotive parts, different microstructures including ferrite–
pearlite, ferrite–martensite, and ferrite–bainite can be produced
by different heat treatments. The mechanical properties of the
corresponding dual-phase steels have been investigated. An
increase in the amount of pearlite in the microstructure has a
marked effect on the ferrite–pearlite steel deformation and
failure properties (Ref 8). The yield strength, ultimate tensile
strength (UTS), and work hardening decrease linearly with
increasing ferrite volume fraction in ferrite–bainite steel of AISI
4340 (Ref 9). Ferrite–martensite steel has better ductility and
Charpy impact energy but a lower yield and tensile strength
than those of ferrite–bainite steel (Ref 10).

To replace these costly heat treatments (quenching and
tempering) after forging with a controlled cooling from forging
temperature in air, medium-carbon microalloyed steels have
been developed. By increasing the cooling rate, the as-formed
ferritic–pearlitic microstructure changes to acicular ferrite,
bainite or martensite of a commercial microalloyed forging
steel 30MSV6 (Ref 11). As the forged strain increases, the
grade of austenite grain size increases at cooling rates of 1.5
and 2.5 �C/s (Ref 12). Results from shear punch tests show that
both the yield and ultimate strength increase; however, the
ductility decreases considerably as the cooling rate increases
(Ref 11). Compared with air cooling, spray cooling processes
can improve the proof stress and ultimate strength of a
microalloyed steel 38MnVS6 (Ref 13). However, the medium-
carbon microalloyed steel is not well promoted because its
price is higher than that of medium-carbon structural steel.

In this work, the combined hot/warm and cold forging
processes were studied. A controlled cooling process after the
hot/warm forging was investigated, and the cold forgeability of
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a workpiece for a medium-carbon steel from controlled cooling
was evaluated. From these results, we determined guidelines for
the deformation degree following cold forging. These guide-
lines will allow effective combined hot–cold forging processes
to be designed and give a good description of the distribution of
deformation extent between the different forging stages.

In the present study, the effect of the ferrite–pearlite
microstructure, after controlled cooling of a workpiece, on its
cold forgeability was investigated. As reported in a previous
study, the ferrite volume fraction in the microstructure of
medium-carbon steel after controlled cooling is markedly
affected by warm deformation parameters and cooling rates
(Ref 14). Hence, in our current study the ferrite volume fraction
was selected as a quantitative indicator to describe the
corresponding microstructure. We investigated mechanical
properties including yield strength, UTS, elongation rate,
percentage reduction of area (PRA), and fracture strain by
normal and notched tensile testing. The yield strength and
fracture strain were used to evaluate the cold forgeability. On
the basis of our experimental data, the mathematical relation-
ship between the ferrite volume fraction and evaluation indexes
of cold forgeability for XC45 steel was created. Finally,
different tensile specimens from actual hot-forged workpieces
of a flange shaft were made to test and validate the relationship.

2. Experimental

2.1 Material and Continuous Cooling Transformation Curves

We investigated an XC45 steel, which is almost the same as
AISI 1045 and ISO IC45e used for flange shafts. This kind of
medium-carbon steel is extensively applied in automobile parts.
The typical chemical composition (mass percentage) was
0.46% C, 0.33% Si, 0.77% Mn, 0.013% P, 0.015% S, 0.04%
Ni, and the reminder was Fe. The A1 and A3 temperatures of
this steel can be determined as 724 and 780 �C with an
assumed average grain size of 30 lm by using the TTT–CCT
diagram generator in FORGE software (Ref 15). To understand
the basic phase transformation behavior of XC45 steel, a brief
static continuous cooling transformation diagram was con-
structed, as shown in Fig. 2(a). When the cooling rate is less
than 5 �C/s, the microstructure is composed of ferrite and
pearlite. However, a cooling rate of 20 �C/s results in the
formation of some bainite, as shown in Fig. 2(b). A microstruc-
ture containing bainite is unfavorable for cold forming.

2.2 Experimental Approach and Procedures

2.2.1 Experimental Approach. To study the effects of
the cooling rate after hot deformation on the microstructure and
mechanical properties of the forging steel, the optical micro-
scopy and shear punch testing (Ref 16) were performed. After
deformation, the specimens in the slice shape were sectioned
perpendicular to the deformation direction to introduce a strain
effect into the final property (Ref 11). However, the strain
distribution of the specimens after hot compression was
consistently non-uniform (Ref 17). A high-level pre-strain,
which can simulate the practical large deformation occurring
during hot forging, is difficult to achieve in the following
mechanical tests.

As shown in Fig. 3 (Ref 14), the ferrite volume fraction
markedly increased with increasing strain at the same defor-
mation temperature and also differed at different cooling rates
of the medium-carbon alloyed steel. Thus, the variation of the
ferrite volume fraction in the microstructure reflected changes
of the strain history of the warm/hot deformation.

Tensile testing is a typical method for evaluating the plastic
index of a material, but these test results have low accuracy
owing to neck formation (Ref 18, 19). The notched tensile test,
which involves a tri-axial pressure state and almost no necking
phenomenon at the notched zone, proved to be a useful tool for
determining the cold forgeability (Ref 19). In these tests, the
value of the reduction in the section area was taken into
consideration (Ref 20). Therefore, an experimental approach
was proposed as follows: Specimens for both normal and
notched tensile tests were directly heated to a high temperature
and then cooled down at different cooling rates. Then, the
different tensile tests were performed in sequence. On the basis
of this experimental design, microstructures with different
ferrite volume fractions and their corresponding forgeability
could be investigated.

2.2.2 Experimental Procedure. A servo-controlled Glee-
ble 1500 system was used to conduct the heating and cooling
processes. To simulate the real pre-heating process in forging,
all the specimens were first heated to 1000 �C at 10 �C/s and
held at that temperature for 3 min to enable complete
austenitization. The specimens were then cooled to 950 �C at
5 �C/s and held at that temperature for 30 s. To reduce the risk
of cracking caused by uneven heating and cooling and the
effects of thermal expansion and shrinkage, the temperature
distribution in the testing zone was controlled to be as uniform
as possible. According to the CCT curves presented in Fig. 2,
the maximum cooling rate was limited to 5 �C/s to guarantee a
mixture of ferrite and pearlite in the microstructure. In the
experiments, the heated specimens were cooled at seven
different cooling rates of 5, 2, 1.5, 1, 0.5, 0.2, and 0.1 �C/s.
For each cooling rate, three normal and three notched
specimens were prepared, as shown in Fig. 4. Normal tensile
testing is the most commonly used for obtaining the mechanical
characteristics of isotropic materials, and the capability of
plastic deformation for a material can be evaluated. Fracture
strain from the notched tensile test has been previously used as
an indicator for cold forgeability in Ref 19. Then, the
corresponding tensile tests were performed at a speed of
2 mm/min using a Zwick testing machine.

From the normal tensile testing results, the yield strength,
UTS, and elongation rate were directly measured. The PRAwas
calculated by measuring the diameter of the necking zone.

Fig. 1 Combined forging process of a flange shaft. (a) Billet, (b)
three-stage hot forging, (c) cold ironing
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From the notched tensile tests, the fracture strain was calculated
as follows (Ref 19):

ef ¼ 2 lnðd0=df Þ ðEq 1Þ

where d0 and df are the initial diameter and the diameter at
the fracture point of the notched specimens, respectively.

After the tensile tests, metallographic samples were prepared
from broken specimens and etched with a 4% nital solution.
The different microstructures were imaged with an optical
microscope, and the corresponding ferrite volume fraction was
determined by image processing through iterative binarization,
median filtering, and volume calculation steps (Ref 14).

3. Results and Discussion

3.1 Microstructure Analysis

The microstructures of the different specimens at different
cooling rates were a mechanical mixture of ferrite and pearlite.
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Fig. 2 CCT curves (a) and microstructure of XC45 steel (b) at cooling rate of 20 �C/s

0 1 2 3 4 5

15

20

25

30

35

40

45

50

Fe
rr

ite
 v

ol
um

e 
fr

ac
tio

n 
/%

Cooling rate / oC/s

 Strain 0.5
 Strain 0.6
 Strain 0.7

Strain rate 1s-1

Deformation temprature 750oC

Fig. 3 Ferrite volume fraction from samples with different strain
histories at different cooling rates (Ref 14)

Fig. 4 Specimens for tensile tests: (a) normal; (b) notched
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Even with a large cooling rate of 5 �C/s, dual-phase
microstructures appeared as expected according to the above
CCT curves, as shown in Fig. 5(a) and (b). During the phase
transformation, proeutectoid ferrite initially nucleated along the
boundaries of austenite grains and the retained austenite then
transformed to pearlite as a result of eutectoid decomposition
when the temperature decreased to a critical value. Finally, a
mechanical mixture of ferrite and pearlite was formed (Ref 21).

The grain size of ferrite was highly dependent on the primary
austenite grain size and the cooling rate. The morphology of
ferrite, as a high-temperature prevenient phase, determined the
following distribution of pearlite (Ref 5). When the cooling rate
was greater than 1.5 �C/s, the proeutectoid ferrite appeared to
be a thin continuous network at the boundaries of former
austenite grains, as shown in Fig. 5(a), (b), and (c). A high
cooling rate led to a large degree of undercooling, and the

Fig. 5 Microstructures of tensile specimens at cooling rates of (a) 5.0 �C/s—normal, (b) 5.0 �C/s—notched, (c) 2.0 �C/s—normal, (d) 1.5 �C/
s—notched, (e) 1.0 �C/s—normal, (f) 0.5 �C/s—notched, (g) 0.2 �C/s—normal, (h) 0.1 �C/s—notched
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Fig. 6 Ferrite volume fractions of normal and notched tensile spec-
imens formed at different cooling rates
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transformation rate from austenite to ferrite was reduced to
form fine ferrite by intergranular nucleation (Ref 22). Conse-
quently, the undercooling matrix promoted the nucleation of
pearlite. When the cooling rate was lower than 1.5 �C/s, many
equiaxed grain geometries appeared in the microstructure,
referred to as polygonal ferrite, as shown in Fig. 5(e), (f), (g),
and (h). The ferritic microstructure, which formed at a high
temperature and slow cooling rate, nucleated as grain-boundary
allotriomorphs and grew into equiaxed grains (Ref 21). As a
result, a more uniform distribution of the polygonal ferrite was
obtained at a lower cooling rate, as shown in Fig. 5(g) and (h).
In general, the fraction of ferrite in the microstructures
increased as the cooling rate was decreased.

A quantitative evaluation of the ferrite volume fraction
results from the different samples is plotted in Fig. 6. When the
cooling rate was less than 1 �C/s, the ferrite volume fraction
decreased considerably as the cooling rate was increased. When
the cooling rate was between 1 and 2 �C/s, the rate of decrease
in the ferrite volume fraction slowed and the ferrite volume
fraction decreased more slowly after the cooling rate reached
2 �C/s. In the controlled cooling process, different ferrite
volume fractions ranging from 6.69 to 40.53% in the notched
specimens and from 14.1 to 39.16% in normal tensile
specimens were obtained. As shown in Fig. 4(b), there was a
small notch of 2 mm at the center of each specimen. During the
heating and cooling process, the thermocouple used for
temperature control was welded as close as possible to the
notch area without contacting it. Thus, the real cooling rate of
the notched area with a smaller diameter was likely different
from the set-up cooling rate, resulting in the difference of the
ferrite volume fractions between the normal and notched
samples. Nevertheless, different tensile specimens with differ-
ent volume fractions of ferrite in their microstructure were
achieved as intended.

3.2 Evaluation of Cold Forgeability

The yield strength and UTS obtained from normal tensile
tests are shown in Fig. 7. The data measured at each cooling
rate showed good consistency. In general, the downtrend of
yield strength resembled that of the UTS as the ferrite volume
fraction increased. Ferrite is a typical soft phase with a strength
of 280 MPa and a hardness of approximately 80 HB in the
microstructure, and its weakening effect on the specimen was
clear. When the ferrite volume fraction increased from 14.10 to
39.16%, the yield strength decreased from 459.7 to 344.0 MPa
and the UTS decreased from 702.0 to 616.4 MPa. However, the
effect on the UTS was relative small, and the UTS value
remained stable in the ferrite volume fraction range of 17.2-
20.4%.

The results of the elongation rate and percentage reduction
in the area from testing of the normal tensile specimens are
plotted in Fig. 8. The elongation rate considerably increased
with the ferrite volume fraction; the specific value increased
from 11.14 to 26.36%. Ferrite with a body-centered cubic form
improved the elongation of the whole matrix. The PRA first
increased and then decreased as the ferrite volume fraction
increased. A peak value of 50.89% was achieved when the
ferrite volume fraction was 23.85%. Notably, the relationship
between the elongation rate and PRA was different. A possible
reason for the different performance of these two plastic
indexes is that the tensile specimens with high ferrite volume
fraction suffered from a lower cooling rate and a more uniform
temperature distribution could be obtained, resulting in a more
uniform microstructure over the cross section. This structure
promoted elongation deformation of the specimen before
necking.

The yield strength is the lowest stress that produces a
permanent deformation in a material, which will directly affect
the load of cold forging. A large yield strength means a high
forging load when the size of the billet and deformation degree
in cold forging are the same. Through curve fitting, we
identified a power law function, shown in Eq 2, to describe the
relationship between the yield strength and ferrite volume
fraction. The two independent parameters of the function were
determined to be 263.42 and � 0.288 by a fitting process. As
shown in Fig. 9, the corresponding R square value was 0.99,
which indicates that a close-fitting result was achieved.

rs ¼ 263:42f �0:288
a ðEq 2Þ

where rs is the yield strength and fa is the ferrite volume
fraction.

As shown in Fig. 10, the fracture strain acts a rough
indicator of the formability of a material. The values obtained
from the notched tensile specimens increased from 0.256 to
0.388 as the ferrite volume fraction increased from 6.69 to
40.53%. An increase in the ferrite volume fraction of ferritic–
pearlitic steel improved its ductility, as expected. Compared

Fig. 12 Location of tensile specimen machined from the hot forg-
ing workpiece

Table 1 Error analysis of modeling predictions and results of tensile tests

No.

Measured values

Average Prediction value Absolute error Relative error, %1 2 3

Yield strength, MPa 410.5 405.7 415.2 410.47 392.14 18.33 4.47
Fracture strain 0.338 0.329 0.352 0.340 0.351 0.011 3.24
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with the PRA measured from the necked specimens, the
fracture strain could be determined more precisely because of
the homogenous deformation in the local zone.

According to the data distribution, an exponential function,
shown by Eq 3, was chosen for the fitting function. As shown
in Fig. 11, the three key coefficients were calculated to be
� 0.2464, � 4.1894, and 0.4266 by a least-squares method.

The linear correlation coefficient R square was larger than 0.98,
and there was good agreement between the original data and the
fitting function.

ef ¼ �0:2464 expð�4:1894faÞ þ 0:4366 ðEq 3Þ

Here, ef is the fracture strain.

Fig. 13 SEM images of fractured surfaces: (a) normal specimen; (b) notched specimen; (c) edge of normal specimen; (d) edge of notched spec-
imen; (e) center of normal specimen; (f) center of notched specimen
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In this study, the yield strength, indicating deformation
resistance, and fracture strain, indicating formability and
ductility, were used to evaluate the cold forgeability. As
discussed above, the yield strength decreased and the fracture
strain increased as the ferrite volume fraction in the dual-phase
microstructure increased. Thus, the cold forgeability of the
ferrite–pearlite steel was improved as the ferrite volume
fraction increased.

3.3 Further Analysis with Real Forged Parts

To evaluate the microstructure generated from the controlled
cooling process with residual heat after hot/warm forging and
to enable better design of the deformation degree following
cold forging, the mathematical relationship between Eq 2
and 3 was used to predict the cold forgeability. To validate the
predicting accuracy for the yield strength and fracture strain,
three normal and three notched tensile specimens were
machined from the rod part of hot forging workpieces. The
specimens were then heated up to 1000 �C by induction heating
and hot-forged in three stages. After a controlled cooling
process in a mesh belt furnace, as shown in Fig. 12, the
specimens were tested, and their yield strength and fracture
strain were measured. These results are listed in Table 1.

As shown in Fig. 13, the SEM fractography on the tested
specimens were conducted and images of fracture surface with
different magnification were obtained. From the presented
morphologies, the rupture behavior of the specimens shows
typical ductile fracture as expected. However, the specific
fracture processes of the normal and notched specimens are
different. As shown in Fig. 13(a), the macro-morphology of
normal specimen presents radial pattern. The secondary cracks
start from the position of around 1/2 radius and propagate along
the radial direction until the total crack of the specimen. At the

outer junction area, there is significantly geometric difference
which can be easily observed from the micromorphology
illustrated in Fig. 13(c). These secondary cracks are initiated
from the micro-voids at the center and speed up the fracture
after necking. In general, the rupture is mainly caused by the
aggregation of micro-voids, as shown in Fig. 13(e). As for the
notched specimen, the radial secondary cracks are hardly
initiated because the special geometry of notch, as shown in
Fig. 13(b). A typical fracture transition zone is found at the
outer junction area and a shear fracture at the outer zone, while
a trans-granular shear fracture at the inner zone can be observed
from Fig. 13(d). In the center of the notched specimen, the
crack is dominated by micro-voids aggregation toughness
fracture, as presented in Fig. 13(f).

Metallography samples were cut in the radial direction from
broken tensile specimens, and the corresponding microstruc-
tures at the center were observed. As shown in Fig. 14(a) and
(c), the microstructures presented a typical ferritic–pearlitic
dual-phase morphology. The pearlite phase mainly consisted of
lamellar pearlite, and its size was similar to that of the ferrite
grains. The volume fraction of ferrite was determined to be
25.12% with a standard deviation of 1.20%, based on a
previously developed binarization method (Ref 14). Corre-
sponding images of binarizing processed micrographs are
shown in Fig. 14(b) and (d).

As shown in Table 1, the average value of the measured
yield strength from normal tensile tests was 410.47 MPa and
the value of the yield strength, predicted by Eq 2, was
392.14 MPa. The absolute error between the prediction and
the measurement was 18.33 MPa, and the relative error was
4.47%. The average fracture strain measured from the notched
tensile tests was 0.340, while the predicted value from Eq 3
was 0.351, giving an absolute error of 0.011 and a relative error

Fig. 14 Metallography of the workpiece: (a) as observed—notched, (b) after binarizing process—notched, (c) as observed—normal, (d) after
binarizing process—normal
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of 3.24%. Thus, there is good agreement between the predicted
and real tested results.

However, some error existed between the predicted and
measured values. As reported in Ref 23, low-yield stress and
flow stress increased while the elongation decreased as ferrite
grain size decreased within the range of 13.6-0.47 lm. The
effect of ferrite grain size on the flow stress was almost
independent of the strain rate. The yield strength follows a
Hall–Petch-type relationship with respect to the interlamellar
spacing, but the UTS and impact toughness did not follow this
relationship. The UTS, impact toughness, and ductility remain
invariant to the interlamellar spacing below a critical size in
nearly fully pearlitic steel (Ref 24). Therefore, the grain size of
the ferrite and the interlamellar spacing of pearlite both affect
the mechanical properties and the cold forgeability of ferrite–
pearlite steel.

Thus, further consideration of the microstructure will
improve the prediction accuracy of the mathematical relation-
ship. However, quantitative assessment of the ferrite grain size
and interlamellar spacing of pearlite requires detailed analysis,
which would be difficult to implement in the process design of
combined hot/warm and cold forging. In general, the predicted
error of the cold forgeability, based on the ferrite volume
fraction of XC45 steel in the dual-phase microstructure, was
less than 5%, which is acceptable for industrial forging
applications.

As a result, a ferritic–pearlitic microstructure that contained
25.12% ferrite of the hot-forged flange shaft treated by
controlled cooling process was obtained. The predicted value
of fracture strain was 0.351, with this guide the cold ironing
process with a reduction in cross section of 30.5%, where the
diameter of the rod was reduced from 42.0 to 35.0 mm, was
designed for the part. By the proper design of the combined
hot–cold forging with an intermediate controlled cooling
process, the automotive flange shaft has been mass produced.

4. Conclusions

We aimed to combine hot/warm and cold forging with an
intermediate controlled cooling process to manufacture auto-
mobile flange shafts. A medium-carbon steel (XC45) was
selected, and the influence of the ferrite–pearlite microstructure
on the cold forgeability was investigated. The primary results
are as follows:

1. Normal and notched tensile specimens were heated up to
1000 �C and cooled down at seven different cooling rates
less than 5 �C/s in a Gleeble 1500 system to simulate
real forging conditions. Different ferrite volume fractions
ranging from 6.69 to 40.53% in the ferrite–pearlite
microstructure were achieved. When the cooling rate was
higher than 1.5 �C/s, proeutectoid ferrite appeared as a
thin, continuous network at the boundary of former
austenite grains. When the cooling rate was lower than
1.5 �C/s, many equiaxed grain geometries, referred to as
polygonal ferrite, appeared in the microstructure.

2. The yield strength, UTS, elongation rate, PRA, and frac-
ture strain of the specimens were determined by tensile
testing. The yield strength reflects deformation resistance,
and the fracture strain reflects formability. These charac-
teristics were selected for evaluation of the cold forge-

ability. The cold forgeability of the ferritic–pearlitic steel
improved as the ferrite volume fraction increased.

3. The yield strength determined from normal tensile testing
decreased from 459.7 to 344.0 MPa when the ferrite vol-
ume fraction increased from 14.10 to 39.16%. The rela-
tionship between the yield strength and the ferrite
volume fraction was determined as: rs ¼ 263:42f �0:288

a .
The measured average value of the specimens machined
from real hot-forged parts was 410.47 MPa, while the
predicted value was 392.14 MPa. The relative error be-
tween the prediction and the actual result was 4.47%.

4. The fracture strain from notched tensile testing increased
from 0.256 to 0.388 as the ferrite volume fraction in-
creased from 6.69 to 40.53%. The relationship between
the fracture strain and ferrite volume fraction was fitted
as: ef ¼ �0:2464 expð�4:1894faÞ þ 0:4366. The average
value from real measurements was 0.340 and the pre-
dicted value was 0.351, giving an absolute error of
0.011. Thus, there was good agreement between the pre-
dicted and real tested results.

5. With an error less than 5%, the mathematical relationship
for predicting the cold forgeability is acceptable for
industrial applications. With guide of the predicted value,
a successful cold ironing process with a deformation de-
gree of 30.5% was designed for the mass production of
the automotive flange shaft.
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