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Abstract:

In order to develop a new carburizing steel that real-
izes an intermediate heat treatment-free process (omis-
sion of annealing before cold forging and normalizing
before carburizing) in the manufacture of carburized
parts, the cold forgeability of the as-rolled steel and sup-
pression of abnormal grain growth of austenite (y) dur-
ing carburizing were studied. It was shown that optimiza-
tion of the balance of Si, Mn and Cr addition,
suppression of dynamic strain aging by fixing N, and an
increase of the ferrite fraction by low temperature con-
trolled rolling are effective for reduction of deformation
resistance, and Nb precipitation control is necessary for
suppression of abnormal grain growth of y. The new car-
burizing steel, which was developed by integrating these
technologies, makes it possible to eliminate both anneal-
ing before cold forging process and normalizing before
carburizing, as it displays excellent cold forgeability in
the as-rolled condition and suppression of abnormal
grain growth of y during carburizing. Thus, the devel-
oped steel is an important innovation in the parts manu-
facturing process. The name of developed steel is
JECF™

1. Introduction

Machine parts such as automotive gears have com-
plicated shapes, and many are manufactured by hot or
cold forging using steel for carburizing as the starting
material, followed by carburizing heat treatment. Cold
forging enables near net shape forming because it has
the advantage of excellent dimensional accuracy.
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Therefore cold forging makes it possible to improve
yield and productivity by reducing the cutting amount
after forging. The general manufacturing process of
cold forging parts is shown in Figure 1. In cold forging,
annealing is generally used to reduce deformation
resistance, and normalizing before carburizing is also
widely used to suppress abnormal grain growth of y
during carburizing. However, due to intensified parts
price competition in recent years, development of steel
with high cost competitiveness, for example, by omit-
ting annealing and normalizing, has become important.
In order to develop a SCM420 substitute steel which
makes it possible to eliminate intermediate heat treat-
ments in the cold forging process, cold forgeability and
suppression of abnormal grain growth of y were inves-
tigated.

2. Material Development for Omission
of Heat Treatment

2.1 Improvement of Cold Forgeability

Deformation resistance and the forming limit are
considered to be important factors in cold forgeability.
In general, reduction of static strength such as hard-
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Development of Carburizing Steel for Innovation in Parts Manufacturing Process

ness and tensile strength is effective for reducing defor-
mation resistance”. However, because cold forging is
characterized by a large strain rate, which causes a
temperature increase due to plastic deformation, it is
also necessary to consider dynamic work hardening™ ?.

Steel for carburizing is a kind of steel having rela-
tively high hardenability as represented by SCM 420 of
the JIS standard, and it exhibits a ferrite and pearlite
microstructure including bainite depending on the
cooling rate after rolling. Among these microstructures,
bainite has the highest hardness and ferrite has the
lowest hardness. Therefore, in order to reduce the
deformation resistance, it is necessary to suppress the
formation of bainite so as to form a microstructure
composed of ferrite and pearlite, and as much as possi-
ble it is ideal to raise the ferrite fraction. The effect of
hot rolling conditions on the as-rolled microstructure
was investigated with the aim of obtaining this ideal
microstructure.

Si, Mn and Cr in steel have a large influence on
hardness after hot rolling through their effects on the
solid solution strengthening of ferrite” and the lamel-
lar spacing of pearlite”. Since these elements also
strongly influence hardenability, their influences on
hardness after hot rolling and hardenability were inves-
tigated in order to achieve both low hardness on the
same level as annealed SCM420 in the as-rolled condi-
tion and hardenability comparable to that of SCM420.

As a result of the temperature increase caused by
plastic deformation during cold forging, dynamic strain
aging due to solid solution N is considered to increase
work hardening, and this influences deformation resis-
tance®. Therefore, suppression of dynamic strain aging
by fixing solid solution N was investigated.

Regarding the forming limit, after hot rolling, the
developed steel exhibits a ferrite and pearlite micro-
structure, as described above. In contrast, annealed
SCM420 has a microstructure consisting of
spheroidized cementite dispersed in the ferrite matrix.
The effect of this difference in the microstructure on
the forming limit was investigated.

2.2 Suppression of Abnormal Grain Growth

If austenite causes abnormal grain growth (second-
ary recrystallization) during carburizing, fatigue prop-
erty is pronouncedly deteriorated as compared with
steels without abnormal grain growth”. In addition,
when cold forging is performed before carburizing, the
occurrence of abnormal grain growth is accelerated by
the influence of strain introduced during forging®. For
this reason, additional normalizing before carburizing
has been unavoidable with steels such as SCM420 in
order to suppress abnormal grain growth. In general,
grain boundary pinning by fine dispersion of precipi-
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tates is effective to suppress abnormal grain growth.
Carbonitride former elements such as Nb, Ti and V are
mainly used to form such fine precipitates’”. However,
Ti has the risks of decreasing suppression ability of
abnormal grain growth by forming coarse TiN and
increasing fatigue initiation sites®”. Moreover, reduced
machinability due to the formation of Ti sulfides and
reduction of Mn sulfides is also a concern. With V, it is
difficult to secure the precipitates necessary to exert a
sufficient pinning force because dissolution of the pre-
cipitates proceeds in the carburizing temperature region
(1 173 K-1 223 K). Therefore, steel containing only
added Nb was used in this development, and the opti-
mal precipitation control method for Nb was studied.
Both maximizing the amount of precipitates and
reducing the size of the precipitates are important for
improving the grain boundary pinning force™. In the
thermodynamic equilibrium state, the relationship
between temperature and the amount of precipitation
can generally be calculated from the solubility product
of the precipitates. For example, Figure 2 is a schematic
representation of the relationship between temperature
and the precipitation amount in the case of NbC (here-
inafter, NbC precipitation curve). As the temperature
increases, the precipitation amount of NbC decreases.
On the other hand, as the amount of Nb addition
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increases, the NbC precipitation amount also has a
tendency to increase. Here, the intersection of the NbC
precipitation curve and the x-axis shows the complete
dissolution temperature of NbC. This temperature
becomes higher as the amount of Nb addition
increases. Assuming an actual hot rolling process, Fig-
ure 3 shows an ideal precipitation control method con-
structed based on the NbC precipitation curve. Coarse
Nb precipitates exist in blooms obtained by continuous
casting followed by air cooling. If these coarse Nb pre-
cipitates remain until carburizing, precipitation of fine
NbC decreases, and a sufficient pinning force cannot
be obtained. To prevent this problem, heating to above
the complete dissolution temperature of NbC by
increasing the hot rolling heating temperature is effec-
tive for dissolving coarse Nb precipitates. Although
increasing the amount of Nb is effective for increasing
fine NbC precipitates and thereby increasing the pin-
ning force, it is necessary to control the upper limit of
Nb addition within the range where complete dissolu-
tion is possible in the hot rolling process.

3. Experimental Procedure

3.1 Cold Forgeability

Table 1 shows the chemical compositions of the
tested steels. To investigate the influence of the hot
rolling temperature on the as-rolled microstructure,
with Steel A, hot working was done with a Thermec-
mastor (manufactured by Fuji Electronic Industrial
Co., Ltd.), followed by etching with 3% nital and
observation by optical microscopy.

To investigate the effects of the Si, Mn and Cr con-
tents on hardness after hot rolling, Steels B to G with
different Si, Mn and Cr contents were melted, heated
to 1473 K, and then air-cooled after hot rolling, and
Vickers hardness (HV) was measured.

To investigate the effect of solute N on dynamic
strain aging, N solid solution steel (Steel H) and N
fixed steel (Steel I) were melted. In the N fixed steel,
the N content of the steel was reduced, and a nitride
forming element was also added. These samples were

Table 1 Chemical compositions of steels

(Mass%)

Steel C Si Mn Cr Mo Nb N
SCM420 0.2 0.2 0.8 1.1 0.2 - 0.01
A 02 02 0.8 1.1 - - 0.01
B-G 0.2 Varies Varies Varies - - 0.01
H 02 0.2 0.8 1.1 - - 0.01

I 02 0.2 0.8 1.1 - - Tr.
J-L 02 02 0.8 1.1 —  Varies Tr.
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air-cooled after hot rolling, and tensile tests were car-
ried out at the strain rate of Is~' in an atmosphere with
a temperature of 473 K to simulate the temperature
increase due to plastic deformation during cold forging.

After alloy design, the cold forgeability of the
developed steel manufactured with actual equipment
(hereinafter, developed steel) was evaluated by the
deformation resistance and forming limit of the as-
rolled steel. Measurement of deformation resistance
was conformed to the cold upsetting test method estab-
lished by the Cold Forging Subcommittee of the Japan
Society for Technology of Plasticity®®. That is, defor-
mation resistance was calculated from the compression
load at the upsetting ratio of 60% by using a cylindrical
test piece with dimensions of ¢15%22.5 mm. The form-
ing limit was measured with a cylindrical test piece
having dimensions of ¢15%22.5 mm with a longitudinal
V groove (R0O.15, depth 0.8, opening angle 30°).
Sequential upsettings were repeated until a crack size
of 0.5 mm was observed. As a comparison steel,
SCM420 was prepared by spheroidizing annealing, and
the deformation resistance and forming limit were
compared. After these sequential upsettings, the test
pieces were observed with a scanning electron micro-
scope (SEM) to investigate the void generation behav-
ior in the vicinity of the crack.

3.2 Suppression of Abnormal Grain Growth

A number of reports have been published on the
solubility product of NbC?%, but different values
have been reported by various researchers. Therefore,
the optimal NbC solubility product in Nb-added car-
burizing steel was examined. Steels J to L with different
Nb contents were melted and subjected to heat treat-
ments simulating billet rolling and steel bar rolling,
assuming the actual rolling processes. The samples
were then cold rolled at the total reduction of 50%,
quasi-carburized at 930°C for 3 h, and quenched in oil.
Precipitates were observed by transmission electron
microscope (TEM), and the precipitation amount was
measured by the electrolytic extraction residue method.

In order to evaluate ability of the developed steel to

(Side view)

(Top view)

©24.5

Fig. 4 Gear test piece obtained by cold forging
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Fig. 5 Optical micrographs of Steel A after hot working
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Fig. 6 Relationship between amount of Si, Mn and Cr and
hardness

suppress abnormal grain growth of vy, the as-rolled
material was cold forged to a gear shape (Figure 4), and
quasi-carburizing was performed by quenching after
holding at 1 203 K for 3 h. Normalizing was not per-
formed. The prior austenite was observed by optical
microscopy after etching the gear cross section with an
aqueous solution of picric acid with added benzenesul-
fonic acid. The SCM420 comparison steel was also
evaluated in the same manner.

4. Experimental Results and Discussion

Figure 5 shows the microstructure of Steel A after
the Thermecmastor hot working test. Partial formation
of bainite could be observed in the steel hot worked at
1273 K, but the steel hot worked at 1 173 K exhibited
a ferrite and pearlite microstructure. Although the
crystal grain size was refined in Steel A, which was hot
worked at 1 173 K, the hardness of this material
decreased about AHV40 compared to the sample hot
worked at 1 273 K. From this, in the range of the pres-
ent study, it is thought that the hardness decrease
resulting from the suppression of bainite formation
and the increase in the ferrite fraction is more domi-
nant than the hardness increase due to grain refine-
ment.

Figure 6 shows the relationship between the hard-
ness increase after hot rolling and the amounts of Si,
Mn and Cr. Addition of Si and Mn causes a large
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Fig. 8 Stress-strain curves of Steels H and | at 473K

increase in hardness compared to addition of Cr. In
order to ensure hardness after carburizing, hardenabil-
ity is required in carburizing steel. Figure 7 shows the
effects of the amount of Si, Mn and Cr addition on the
hardenability index  value (Mn equivalent value)
obtained by the hardenability prediction equation®”
proposed by Ueno et al. Mn has a somewhat stronger
effect, but Cr also has a similar effect, while the effect
of Siis clearly small.

From the above study results, an alloy design in
which Si and Mn are reduced and Cr is increased is
considered appropriate for achieving both low hardness
and sufficient hardenability. Reduction of Si is also
preferable from the viewpoint of improving fatigue
property by contributing to suppression of grain
boundary oxidation of the surface layer after carburiz-
ing®. Increasing Cr can be expected to improve pitting
fatigue strength through improvement of tempering
softening resistance™.

Figure 8 shows the results of the 473 K tensile test
of the N solid solution steel (Steel H) and the N fixed
steel (Steel I). Remarkable work hardening with serra-
tions, which are a feature of the dynamic strain aging
phenomenon, was observed in the N solid solution
steel. On the other hand, in the N fixed steel, flow
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Fig. 9 TEM images of precipitates after quasi-carburizing

Table 2 Values of Nb measured by extraction residue test
method and calculated by Irvine solubility product

Nb amount as Nb precipitates

Steels
Measured value Calculated value
J (0.014%Nb) 0.013% 0.012%
K (0.03%Nb) 0.028% 0.028%
L (0.043%Nb) 0.039% 0.041%

stress was reduced by approximately 100 MPa by sup-
pression of dynamic strain aging. From this result,
suppressing the dynamic strain aging due to the tem-
perature increase caused by plastic deformation during
cold forging was shown to be effective for reducing
deformation resistance.

4.2 NbC Solubility Product

Figure 9 shows the results of TEM observation of
the precipitates of Steels J to L with different Nb con-
tents after quasi-carburizing. All of the precipitates
were identified as Nb (C, N) by EDX (Energy Disper-
sive X-ray) analysis. The size of the Nb (C, N) precipi-
tates was 20 nm or less regardless of the amount of Nb
added.

Table 2 shows the amount of precipitated Nb mea-
sured by the extraction residue method and the amount
at 1 203 K as calculated by the solubility product
reported by Irvine’®. The experimental and calculated
values were in good agreement regardless of the
amount of Nb added. From the above results, it was
judged that the NbC precipitation curve calculated
from the solubility product according to Irvine can be
used for precipitation control of Nb in the range of Nb
addition in this experiment, and this was used in the
alloy design of the developed steel.

5. Evaluation of Properties of Developed Steel

Alloy design was performed based on the results
described above, and the properties of the as-rolled
developed steel produced with actual equipment were
evaluated by comparison with the spheroidizing
annealed SCM420.

Figure 10 and Figure 11 show the results of the eval-
uation of deformation resistance and the forming limit
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Table 3 Chemical composition of developed steel.
(MASS%)
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Fig. 11 Forming limit of developed steel

(limit upset-ability), respectively. The as-rolled devel-
oped steel showed lower deformation resistance than
the spheroidizing annealed SCM420, and the forming
limit was also greatly improved.

The reduction of deformation resistance in the
developed steel is due to the synergistic effects of the
optimized balance of Si, Mn and Cr, suppression of
dynamic strain aging by fixing N, and the increase in
the ferrite fraction by low temperature controlled roll-
ing. Figure 12 shows the results of SEM observation of
the vicinity of the V groove of the test pieces after
upsetting. In the annealed SCM420 with spheroidized
cementite (Figure 12 (b), (d)), a pronouncedly large
number of microvoids (shown by the arrows in the fig-
ure) occurred at the cementite-ferrite interfaces. In
comparison with this, void formation was suppressed
in the developed steel (Figure 12 (a), (c)) with lamellar
cementite. This difference was presumably a factor in
the improvement of the forming limit of the developed
steel. Since the morphology of cementite influences the
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200 ym

(a) Developed steel at 40% upset
(b) Annealed SCM420 at 40% upse
(c) Developed steel at 50% upset
(d) Annealed SCM420 at 50% upse
Fig. 13 Prior austenite after quasi-carburizing

microvoid formation mechanism®”, it is thought that
the difference in the microvoid formation behavior in
the as-rolled developed steel and the spheroidizing
annealed SCM420 was caused by the difference in the
cementite morphologies of the two steels.

5.2 Suppression of Abnormal Grain Growth

Figure 13 shows the results of observation of prior
austenite grains after quasi-carburizing without nor-
malizing for cold forged gears of the developed steel
and SCM420. In SCM420, remarkable abnormal grain
growth of y exceeding the grain diameter of 100 um
occurred at the tooth root and the vicinity of pitch cir-
cle, but in the developed steel, y grains remained fine
and abnormal grain growth was not observed. Thus,
the developed steel enables suppression of abnormal
grain growth of y without normalizing before carburiz-
ing.
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5.3 Mechanical Properties after Carburizing

As mechanical properties after carburizing, the
results of the rotating bending fatigue test and the
roller pitting fatigue test are shown in Figure 14 and
Figure 15, respectively.

Rotating bending fatigue strength is an indicator of
resistance to breakage of gears. The rotating bending
fatigue strength of the developed steel is excellent in
comparison with that of SCM420, showing that the
developed steel has superior performance in preventing
breakage of gears. From the Si mapping by EPMA of
the carburized surface layer shown in the same figure,
grain boundary oxidation (GBO) was suppressed in the
developed steel. The improvement in the rotating bend-
ing fatigue strength of the developed steel is considered
to be due to the synergistic effects of suppression of
grain boundary oxidation and suppression of abnor-
mal grain growth of .

Roller pitting fatigue strength is an indicator of
resistance to surface fatigue (pitting) of gears. The
developed steel showed surface fatigue strength on the
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same level as SCM420. The developed steel exhibited
the same surface fatigue strength as SCM 420, indicat-
ing that the normalizing can be omitted. Surface
fatigue properties are reported to show a correlation
with tempering softening resistance™. The tempering
softening resistance of the developed steel was compa-
rable to that of SCM420 because the Cr content was
increased instead of reducing Mo, and as a result, the
developed steel is considered to display surface fatigue
properties on the same level as SCM420.

From the above fatigue test results, it can be con-
cluded that the mechanical properties of the developed
steel after carburizing are equal to or higher than those
of SCM420.

Conclusion

With the developed carburizing steel, it is possible
to omit both annealing and normalizing in the cold
forging process because this steel possesses excellent
cold forgeability in the as-rolled condition and has an
suppression ability of abnormal grain growth of y.
Thus, this new steel realizes a significant innovation in
the parts manufacturing process. As shown below, since
the effects obtained using developed steel are various, it
is expected to contribute to a wide range of society.
The name of developed steel is JECF™.

[Expected effects of developed steel]

(1) Omission of annealing before cold forging (draw-
ing)

(2) Omission of normalizing before carburizing (also
possible with hot forged parts)

(3) Improved tool life due to decrease of deformation
resistance

(4) Expansion of range of shapes that can be cold
forged by decrease of deformation resistance and
increase of forming limit

(5) Cost reduction by cold forging of parts conven-
tionally manufactured by hot forging
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