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Synopsis :

The effects of alloying elements on both forgeability and hardenability were
investigated in order to apply a 0.53 mass% C steel to cold forging use. The deformation
resistance of a spheroidized 0.53 mass% C steel by applying the cold forging increased
with alloying elements in the order of silicon, manganese, chromium, and molybdenum.
The addition of silicon reduced the formability and increased the deformation resistance
even in an amount as small as 0.1 mass%. The effects of manganese, chromium, and
molybdenum on the formability were closely related to the change in morphology of
spheroidized carbides. The hardening depth of the spheroidized steel by induction
hardening was controlled by adjusting the amounts of manganese, molybdenum, and
silicon. Chromium decreased the hardening depth of the spheroidezed steel, since
chromium atoms were dissolved into cementite during spheroidizing annealing,
resulting in stabilizing the cementite. In this case, the cementite was not fully dissolved
in the austenite phase by rapid induction heating. The 0.53 mass% C steel can be
applied to cold forging use by optimizing the chemical composition of the steel on the

basis of these results.
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1 Introduction

Cold forging has becen widely applied to the manu-
facture of many machine parts to achieve minimum
material consumption, high productivity, and accurate
dimensions. It can also eliminate part of machining
process from a manufacturing of machine parts includ-
ing a hot forging. Cold forging has been applied to
bigger and more complicatedly shaped parts duc to
improvement in forging machines in terms of their load
capacity and deformation rate.’™

The required properties of a stee! for cold forging use
become more stringent as the cold forging technique

* Originally published in Kawasaki Steel Giho, 23(1991)2, 105-
111
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Synopsis:

The effects of afloying elements on both forgeability and
hardenability were investigated in order 1o apply a 0.53
masst C steel to cold forging use. The deformation resist-
ance of a spheroidized 0.33 mass% C steel by applying the
cold forging increased with alloying elements in the order
aof silicon, manganese, chromium, and molybdenum. The
addition of silicon reduced the formability and increased
the deformation resistance even in an amouni as small as
0.1 masst. The effects of manganese, chromium, and
malvhdenum on the jormability were closely related fo the
change in morphology of spheroidized carbides. The hard-
ening depth of the spheroidized steel by induction harden-
ing was controlled by adjusting the amounts of manga-
nese, molybdenum, and silicon. Chromium decreased the
hardening depth of the spheroidized steel, since chramium
atoms were dissulved into cementite during spheroidizing
annealing, resulting in stabilizing the cementite. In this
case, the cementite was not fully dissolved in the austenite
phase by rapid induction heating. The 0.53 mass% C steel
can be applicd to cold forging use by optimizing the chem-
ical composition of the steel on the basis of these results.

improves. Since low cold-deformation resistance and
high hardenability are generally required of a steel for
cold forging use, the decrease of nonmetallic inclusions
and the elimination of surface scratches in hot-rolled
steel bar of original materials are needed.”

Either carbon or low-alloy steel containing less than
0.45 mass% and under carbon has been conventionally
used for cold forging, since steel containing above
0.45%C has markedly shortened the life of dics.

More recently, it has been required that the cold forg-
ing of a stec! containing above 0.45%C can be applied to
a manufacturing process of machine parts in terms of
replacing a carburizing (o an induction heating followed
by quenching (induction hardening).” which saves
encrgy and increases productivity. There are, however,
few studies concerning the cold forgeability of steel con-
taining above 0.45%C.%

In this study, the eflects of alloying elements on both
forgeabitity and hardenability were investigated in order
to apply a 0.53%C steel 1o cold forging use.



2 Experimental Methods

2.1 Materials

Vacuum melted steels with the chemical compositions
shown in Table 1 were used. Steels Al to A4 had def-
fering Si content in the 0.53%C-0.75%%%Mn-0.15%Cr
steel. Steels Bl to B3, Cl and C2, and 131 to D3 had
dilfering contents of Mn, Mo, and Cr of the 0.53%C-
0.01%S1 steel. All steels were tested to invesligaie the
elfect of these elements, which are effective for harden-
ability, on cold forgeabitity. HS grades S30C and 543C,
which are usually applied
machine parts by cold forging, were used as compari-
son. These steels were hot-forged into 35 mm diameter
bars. normalized at 850°C for 60 min, and then con-
ducted the spheroidizing anncaling whose heat cycle is
shown in Fig. 1.

2.2 Microstructural Observation

The microstructure of a longitudinal section of each
spheroidized steel etched by nital was observed using
optical and scanning-cleciron microscopes.

The diameter, volume fraction, aspect ratio of car-
bides, and spheroidizing ratio were measured from the
scanning-clectron micrograph of each steel by using an
image analyzer. Here, the aspect ratio of a carbide
means the ratio of the longest carbide diameter to the
shortest one. The ratio of the number of carbides
whose aspect ratio was not more than 2 to the totai
number of carbides was defined as the spheroidizing ratio.

2.3 Cold Forgeability Test

Cylindrical specimens of 15 mm in diameter and 22.5
mm in height were machined from the spheroidized
steels. A cold upsetting test was then conducted in a
press machine with load capacity of 2.94 x 10° N, both
ends of cach specimen being constrained by circulariy
grooved dies during the test. The strain rate in the
initial stage of deformation was 8.8 571

The cold deformation resistance was calculated from
the measured load during the cold upsetling test by
using the method proposed by Osakada et al.” The
limiting upsctting ratio was defined as the reduction in
height at which the fraction of visually observed cracked
specimens became 50%.

2.4 Hardness Measurement

The hardness of the longitudinal section of cach
spheroidized steel was measured with a Vickers hard-
ness tester with a load of 98.07N, the hardness of the
matrix ferrite phase itself being measured with a micro-
hardness lester with a load of 0.029N.

2.5 Induction Hardening Test

Because a 0.53%C steel, after forming into an intend-
ed shape, is usually case-hardened by an induction

to the manufacture of

Table |1

Chemical compositions of steels (mass®h)

steel | C St Mn P S Cr Mo Al N
Al | 0.53 C.02 075 0.016 0010 016 — 0,043 0.0057
A2 | 0.33 0.10 076 0.016 0010 016 — 0.044 O0.0008
A2 | 054 022 075 0016 0,009 0.15 — 0.046 (.0063
A1 | 053 .49 074 0015 0010 0.15 — 0.044 0.00687
B! 053 0.0L 0.29 0.005 0.008 —  — 0.046 0.0036
B2 0.53 001 050 0.008 06.009 —  — 0.043  0.0040
B3 {052 0.01 075 0.00% .010 — — 0041 00052
Cl 0.53 0.01 0.48 0.008 0.010 - 0.1 0.040 0.0041
2 0.52 0.01 0.48 (L0086 0.009 — 0.3 0.049 0.0042
D1 0.53 0.01 0.49 0.006 0.009 0.15 0.1 0.048 0.0056
D2 10538 0.01 0.47 0.006 0010 0.2 0.1 0048 0.0043
D3 1053 601 .49 0,005 0009 0.70 0.1 0.048 0.0047
S30C | 0.29 0.22 075 0.016 0.010 018 — 0044 0.0061
S45C | 0.47 .22 075 0.0L7 0.009 017 — 0.045 0.0059
s 18'C/h
45C
T
HEU L
Furace cooling
HU0TC

Adr cooling

Iig. 1 Schematic diagram of spheroidizing annealing

hardening in order to improve the fatigue life and the
wear resistance, the induction hardenability of each stecl
was investigated in this study.

Specimens of 30 mm in diameter and 100 mm in
length were machined from each steel after normalizing
and/or spheroidizing anncaling. The induction harden-
ing was performed with 2 migrating induction heating
device of a frequency of 15 kHz; the electric power of
the device, its cathode voltage, and the specd of work-
pieces were sel 1o 114 kW, 95KV, and 6 mm/s, respec-
tively. The surface temperature of the specimens during
induction heating was 1 075°C. Each specimen was then
water-quenched and tempered at 150°C for 60 min,
before the hardness distribution of the cross section was
measurcd. The distance of the point at which the hard-
ness reached Hv 392 from the surface of a specimen
was defined as the ellective hardening depth.

3 Experimental Results

3.1 Microstructure

The microstructure of the normalized steel was ler-
rite and pearlite. Scanning electron-micrographs of the
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A4(0.48 50) B3(0.75 Mn) €210.3 Mo) D3(0.7C0)

Photo 1 Electron micrographs after spheroidizing

annealing of steels examined

spheroidized steels are shown in Photo 1. Increasing the
Si content (series A) scarcely affected the carbide mor-
phology. On the other hand, the carbides in the spheroi-
dized steels of sertes B, C, and D with various contents
of Mn, Mo, and Cr, respectively, became finer with
increasing alloying clements.

The relationship between the Si content and micro-
structural parameters of the steels is shown in Fig. 2.
Spheroidizing ratio §,, was improved with increasing Si
content. Diameter of cementite, D ., volume fraction of
cementite, ¥, and lerrite grain size D, were approxi-

o -

@ E gl

g 3.3(}

RS

I

oW 20 o O
LN []

o e

, IU 1 ] i i
w

5 Emowr
e o—2 G
woD T =

cz8 o

228> 1 1 1 1
».,OHQ 1]

- 1.0F

5 -

- =t

ER=EY

28z o)

55 %ﬂr)'o —O Q
EEQ

:]LJ

() i 1 1 1
s

50

&

T8

gﬁ-:ﬁ“‘

£a

e

a0 . L L L
0 .1 (2 0.3 0.4 0.5

S1mass %)

Fig. 2 Relation between silicon content and struc-
tural parameters such as S.. Doy Voo and

D, of steels Al to A4 alter spheroidizing
annecaling
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Deern, Vo, and D, of steels after spherotdizing
annealing with change in contents of various
alloying elements on the basis of steel B2

mately constant at 0.5 gm, 8%, and 20 um, respectively.

Figure 3 shows the variation of micro-structural para-
meters after spheroidizing annealing of the stecls of
series B, C, and D. The alloying content on the x-axis in
Fig. 3 means the change in content compared to stecl
B2 containing 0.53%C-0.01%8i-0.5%Mn. The spheroi-
dizing ratios of steels B3 and D3 containing 0.75%Mn and
0.70%Cr, respectively, were reduced to approximately
55%, while those of the other steels were roughly 70%.
Steel B1 containing 0.3%Mn had the highest ratio of 76%.

The cementite diameter of all steels decreased with
increasing alloying content; in particular, this phenome-
non was significant in the Cr- and Mo-bearing steels.
The volume fraction of cementites and the ferrite grain
size in the matrix phase were independent of alloying
contents at 8% and 20 gm, respectively.

3.2 Cold Forgeability Test

The varialion in deformation resistance and the frac-
tion of cracking of spheroidized S30C and S43C, which
were used for comparison, with the average strain in
the cold upsetting test are shown in Fig. 4. S30C steel
showed lower cold deformation resistance, and higher
Hmiting upsetting ratio than those of the S45C steel.

The deformation resistance at an average sirain of
1.08 and the limiting upsetting ratio of steels Al to Ad
in the cold forging test are plotted in Fig. § as a func-
tion of Si content. An increase in Si content [rom
0.02% to 0.49% raised the cold deformation resistance

KAWASAKI STEEL TECHNICAL REPORT



Rechuction in height (75

A 410 all fil T
S S | T T T

) mu]%

o |

= o= 5450

= —Oo— S30C

)]

i~

- 0 Lt iy

ol U

=

<

@

w  BO0

g

= T00F

=t

=

A

f!‘:]‘;] 1 1 J- n 1 n 1 1 |‘> N S

N4 06 08 1.0 1.2 1.4

Avergge strain €

Fig. 4 Variation of both deformation resistance and
the fraction of cracking of spheroidized S30C
and S45C stecls with average strain during the
cold forging test (The fraction of cracking
means the percentage of cracked specimens in
the ten specimens that were deformed by the
same average strain.)

by about 70 MPa. The addition of Si, even in such a
small amount as 0.1%, significantly increased the defor-
mation resistance. It should be notled that a decrease in
Si content is eflective for lowering the deformation
resistance during cold forging.

The limiting upsetting ratio decreased with increasing
Si content in the steels as shown in Fig. 5. The limiting
upsetting ratio for 0.4%%45Si steel was 7% lower than that
for 0.02%Si steel. Steel A3 containing 0.22%Si, which
corresponds to JIS grade $33C, had a deformation re-
sistance 6 to 12% higher and a limiling upsetting ratio 6
to 9% lower than the figures for S30C and S45C steels.
This means that applying a conventional 0.53%C steel to
cold forging is quite difficult.

Figure 6 shows the cffects of Mn, Mo, and Cr on the
deformation resistance at an average strain of 1.08 and
the limiting upsetting ratio of steel B2. Raising the con-
tent of Mn and Cr increased the deformation resistance
of the spheroidized steels.

The influence of Mo on the deformation resistance
was lower than that of Mn and Cr. If a comparison is
made of the increase in deformation resistance at the
maximum content of an alloying element, the increase
in deformation resistance assoctated with the addition of
alloying elements is in the order of Si, Mn, Cr, and Mo.
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The limiting upsetting ratio of steel Bl containing
0.3%Mn was highest at 686%. However, as the Mn con-
tent was increased to 0.7%, the limiting upsetting ratio
lowered.

Neither Mo nor Cr affected the limiting upsetting
ratio, apart from steel D3 containing 0.7%Cr. The defor-
mation resistance of all the steels, except for steel D3
containing 0.7%C, was lower than that of S45C steel. In
particular, the deformation resistance of steel Bl with a
0.3%Mn content was the lowest, which was lower even
than that of 830C steel. On the other hand, the limiting
upsctiing ratios of all the steels, apart from B3 and D3
containing 0.75%Mn and 0.7%Cr, respectively, were
higher than the value for 545C steel

These results show that, if the chemical composition
of the steel is suitably desingned, it is possible for high-
carbon steel containing 0.53%C to have egquivalent cold
forgeability to that of S45C steel

3.3 Harduness

The effects of the alloying elements on the hardness
of spheroidized steels are shown in Fig. 7. The addition
of Si raised both the hardness of the overall phase and
that of the ferrite phase. This means that the hardness
of the overall phase depended on the solid sclution
strengthening of ferritc by Si.

Mn increased the hardness of the ferrite phase as well
as Si did. In the Cr- and Mo-bearing steels, the behavior
of the hardness of the overall phase with the alloying
content was different from that of the ferrite phase.
These results suggest that other controlling factors
besides solid solution strengthening of the matrix ferrite
phase affecled the hardness of the overall phase.

3.4 Induction Hardenability

Figure 8 illustrates the relationship between the ideal
critical diameter (DI) and the effective hardening depth
for the normalized and spheroidized steels after induc-
tion heating and subsequent quenching and tempering.
The DI value was calculated from Eg. (1).¥

DI =0.338 % ]/—6(1 + 0.648iK1 + 4.1Mn)(1 + 2.83P)
x {1 — 0.628)(1 + 2.33Cr)(1 + 0.52Ni)
x {1 + 3.14Mo)}1 + 0.27Cu) x 254 ... ... (N

The hardening depth in the normalized steels after
induction hardening increased with increasing D1 value.
On the other hand, the effective hardening depth in the
spheroidized steels after induction hardening was less
than that of the normalized steels, depending on the
alloying elements.

A decrease in effective hardening depth by changing
the heat treatment before induction hardening was most
distinctly observed with steels D1 to D3; the hardening
depth in these spheroidized steels decreased to a figures
as low as 0.9 to 1.9 mm when compared to the figures
for normalized steels with increasing Cr content. It
should be noted that a small addition of Cr such as
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0.15% decreased {he hardening depth.

The heat treatment before induction hardening had
less effect on the hardening depths in the Si- Mn- and
Mo-bearing steels than on those of the chromium-bear-
ing steels. The hardening depths of steels Al to A3, B3,
and Cl to C3 after induction hardening were not less
than that of S45C steel.

The hardenability of a steel ts usually calculated from
its chemical composition. These results, however, indi-
cate that, if induction hardening is applied for case-hard-
ening purposes, it is important to optimize the chemical
composition of the steel depending on the heat treat-
ment before induction hardening.

KAWASAKI STEEL TECHNICAL REPORT



4 Discussion

4.1 Effect of the Chemical Compesition of
Spheroidized Steels on the Cold Deformation
Resistance

The carbide volume fraction of a spheroidized steet,
the diameter of a spheroidized carbide, the ferrite grain
size of the matrix phase in a spheroidized steel, and the
totat content of alloying elements in the solution in a
ferrite of a spheroidized steel can be considered as con-
trofling factors for the cold deformation resistance of
spherioidiced steel” during cold forging. It is well
known that the alloying clements tn a spheroidized steel
arc partitioned between a spheriodized cementite and a
matrix ferrite phase. Sato et al.'” have investigated the
partitioning of alloying elements in sphecroidized steel
between the spheriedized cementites and matrix {errite
phase, and proposcd Eq. (2).

Cr 1

Cr 1 +4C

Mnj _ T

Mn 1 + 1.4C

.................... (2)

Mol 1

Mo 1 +C

[ _ 67

Si 67-C

where JCr], [Mn], [Mo], and [Si] represent the contents
of chromium, manganese, molybdenum, and silicon in
solid solution in the ferrite phase of the spheroidized
steel, and Cr, Mn, Mo, and Si denote the amounts added.

If it is assumed that the effect of alloying elements on
solid solution strengthening can be represented by a
summation'"” of the eflect of each alloying element, the
content of alloying clements in a solid solution (AS) in
the ferrite phase of a spheroidized steel can be calculat-
ed by LEq. (3).

AS = [Cr] + [Mn] + [Mo] + {Si]---- -+ (3)

Figure 9 shows the variation of deformation resistance
at an average strain of 1,08 in the cold forging test with
the sum of the content of each alloying clement in solu-
tion in the ferrite phasc. The correlation hetween AS
and the deformation resistance is so good that the sum
of the content of each alloying clement in solid solution
is a significant factor for cold deformation resistance.

The relationship between the diameter of the sphe-
roidized carbides and the cold deformation resistance is
shown in Fig. 10. The cold deformation resistance has a
tendency to decrease with increasing diameter of car-
bides, and the diameter of the carbides is thus one of
the controlling factors for cold deformation resistance.

On the other hand, since both tite volume fraction of
carbides and the ferrite grain size in all the steels after
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spheroidizing annealing were constant at 8% and 20 gm,
respectively, these parameters are notl controlling factors
for cold deformation resistance.

Shiozaki'” has found that there was a good correia-
tion between the hardness and cold deformation resist-
ance as measured with the same upsctting lest as that
used in this study.

In order to clarify the contribution from solid solu-
tion strengthening and carbide refinement to cold defor-
mation resistance, the increment in hardness was ana-
lyzed, Figure 11 shows the effects of alloying clements
on the contribution from selid solution strengthening
and carbide refinement 1o hardness. [f it is assumed that
the increment (shown by the obliguely hatched lines in
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the bar graph) in hardness ol the (errite phase was due
to solid solution strengthening, the difference (vertically
hatched lines) between the increment in hardness of the
overall phase and that of the ferrite phase can be
attributed to carbide relinement.

The increment in hardness of the overall phase by
addition of Si was due to solid solution strengthening.
On the contrary, carbide refinement contributed to the
increment in hardness of the Mn-, Mo-, and Cr-bearing
steels. In particular, carbide refinement was most clearly
distinguished in the Cr-bearing steels. Kawakami et al."”
have found that the cold deformation resistance of
0.04% carbon steel during cold forging decreased with
increasing addition of Cr, which is the opposite result to
that in our study. This would be attributable to a differ-
ence in carbide quantity; the spheroidized 0.53% carbon
steel is thought to have contained more carbides than
the 0.04% carbon steel,

4.2 Effects of Carbide Morphology on the
Limiting Upsetting Ratio

The volume fraction and the morphology of the car-
bides are important factors for determining the ductility
of a spheroidized steel, Edieson et al.' have investigat-
ed experimentally the relationship between the volume
fraction of the second phasc and ductile fracture, and
indicated that the latier was dominated by the former.
Furthermore, Gladman et al.'* have found that the duc-
tile fracture of a steel was changed by the morphology
of the carbides, even with the same volume fraction of
carbides.

In this study, the steels with the lower content of C
showed the higher limiting upsetting ratio. [t was also
observed that the limiting upsetting ratio of the 0.53%C
steels after spheroidizing annealing was differcnt even
with the same volume fraction of carbides.

Electron-micrographs of spheroidized steel A3 given
an average strain of 0.62 by cold forging are shown in
Phote 2. In spite of no macroscopic defects being
observed on the surface under this forging condition,
micro-cracks were observed at the interface between the
rod-like carbide and ferrite. On the other hand, no
nicrocracks were seen when the carbides were more
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Effects of alloying clements on contribution of various factors to hardness of

b

(a) Spheroidal carbide

(h) Red-like carbide

Photo 2 Electron-micrographs of the spheroidized
steel A3 given an average strain of 0.62 in
the cold forging test (a: No micro-crack is
observed in the neighbourhoed of spheroi-
dal carbides. b: Micro-cracks are observed in
the interface of the rod-like carbide and the
ferrite.)

spheroidal. It is considered that the micro-cracks formed
at the interface between the carbide and ferrite were
extended and connected with each other when many
rod-like carbides existed during cold upsetting, which
would lead to macroscopic defects. Therefore, it can be
concluded that the morphology of the carbides is one of
the controlling factors for the limiting upsetling ratio of
a spheroidized stcel.

The relationship between the spheroidizing ratio and
the limiting upselting ratio is shown in Fig. 12. With the
steels of series B, C, and D, the limiting upsetling ratio
increased with increasing spheroidizing ratio. On the
other hand, the limiting upsetting ratio of the Si-bearing
steels decreased with increasing Si content, in spite of
improving the spheroidizing ratio. Tt is well-known that
the addition of Si decreases the ductility of steel. [t can be
considered that the decrease in ferrite phase ductility by
adding silicon accelerates the process of extending and
connecting the micro-cracks that occur in the carly stage
of c¢old forging.

It can also be considered that Mn, Cr, and Mo influ-
ence the limiting upsetting ratio through the change in
morphology of the carbides. It is generally known that
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an undissolved carbide plays an important role in the
formation of a spheroidized structure by the slow-cool-
ing method.'™ If the temperature of an austenitizing
process is so high as to decrease the undissolved car-
hide, which is the precipitation site for spheroidized car-
bides, rod-like carbides will incrcase. In view of this
point, the Acy temperatures of each steel were measured
by using a thermal expansion test with a heating rate of
3°C/min. The refationship between the Acy tempera-
ture and spheroidizing ratio is shown in Fig. 13. Ay the
Ac; temperature became higher, the spheroidizing ratio
also increasced. The spheroidizing ratios of the stecls
containing Mn and Cr were lower, because the heating
temperature became relatively higher by the addition of
these elements, resulting in a decrease in the number of
undissolved carbides which were precipitation sites for
the spheroidized carbides. On the other hand, the sphe-
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roidizing ratios ol the steels containing Mo and Si,
which raise the Ac, temperature, were higher than
those of the Mn- and Cr-bearing steels because of the
remaining number of undissolved carbides.

4.3 Effect of Chemical Composition on Induction
Hardenabifity

The effect of the heat (treatment before induction
hardening on the effective hardening depth  was
observed for all the steels examined, this phenomenon
being more clearly distinguishable with the Cr- bearing
stecis,

An electron micrograph of spheroidized steel D3 alter
induction hardening and the result of an EDX analysis
of the undissolved carbides are shown in Photo 3. Many
undissolved carbides can be seen in the spheroidized
Cr-bearing steel after induction hardening, despite the
diameter of the spheroidized carbide of these steels after
spheroidizing annealing being smaller than that of the
other steels. According to the EDX analysis of the
undissoived carbides alter induction hardening, dissolu-
tion of chromium atoms into the carbide was observed,
and it can thus be considered that these were cement-
ites such as (Fe, Cr):C.'" Sato et al.'™ have found that a
large amount of chromium atoms was dissolved into
cementite by spheroidizing annealing. Furthermore,
Nishizawa'®" has clarified that the cementite became
thermodynamically stable by substitution of the iron
atoms in the cementite with chromium atoms. The
results in this study can be explained as follows: Cr
decreases the hardening depth of spheroidized steel,
since Cr atoms are dissolved into cementite during
spheroidizing annealing, thus stabilizing the cementite,
and not fully dissolved in the austenite phase by rapid
induction heating. On the other hand, the effect of the
heat treatment prior 1o induction hardening on the
eftective hardening depth of steels containing Mn, Si,
and Mo was less ctear than that of the Cr-bearing steeis,
because Mn and Mo atoms dissolved in the cementite
less than Cr did, and Si atoms did not dissolve in the
cementite. In this case, the addition of these elements
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(a) (h
Photo 3 Electron micrograph of spheroidized steel

133 after ihe induction heating and quench-
ing {4) and results of the EDX analysis of
undissolved carbide (b)
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would not affect the behavior of cementite dissolution
into an austenile phase even with ramid induction heat-
ing.

5 Conclusions

The effects of adding Si, Mn, Cr, and Mo on both
the cold forgeability and hardenability of 0.53%C steel
were investigated in order to apply this material for cold
forging use. The results obtained are as follows:

(1} The deformation resistance of spheroidized 0.53%C
steel was increased with increasing amount of alloy-
ing elements in the order of Si, Mn, Cr, and Mo. Si
increased the deformation resistance even by a small
addition of 0.1%.

(2) The deformation resistance of spheroidized 0.53%
steel was controlled by both solid solution strength-
ening of the ferrite phase and carbide refinement. Si
increased the deformation resistance through solid
solution strengthening of the ferrite phase. On the
other hand, Mn, Cr, and Mo increased the deforma-
tion resistance through both solid solution strength-
ening and carbide refinement. The effects of alloy-
ing clements on carbide refinement became higher
in {he order of Cr, Mo, and Mn.

(3) Increasing the Si content decreased the lhmiting
upsetting ratio of the spheroidized steels. The addi-
tion of Mn, Cr, and Mo influenced the limiting
upsetting ratio of the spheroidized steels by affect-
ing the morphology of the carbides. The limiting
upsetting ratio decreased if many rod-like carbides
existed. Micro-cracks formed at the interface be-
tween Lhe carbides and ferrite were extended and
connected to each other during cold forging, and
these then led to macroscopic defects.

{4) The hardening bchavior of normalized steel by
induction hardening was able to be interpreted by
using the ideal critical diameter. On the other hand,
the hardening depth of the spheroidized steels after
induction hardening did not always correspond to

the ideal critical diameter, and was less than that of

the normalized steels.
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A deerease in the hardening depth by changing
the heat treatment prior to induction hardening
from normalizing to spheroidizing annealing  was
more clearly distinguishable in the Cr-bearing steels,
since Cr atoms were dissolved into cementile during
spheroidizing annealing, which stabilized the ccment-
itec. The cementite was not fully dissolved in the
autenite phase by rapid induction heating.

(5} [t can be concluded that a 0.53% C steel can offer
the same cold forgeability and induction hardenabil-
ity that are available from conventional steel for cold
forging use by optimizing the chemical composition
ol the steel on the basis ol these results.
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