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Abstract

A cold-forging quality steel rod is usually applied for manufacturing wire
which is generally produced by drawing wire coil into wire, followed by
spheroidized annealing treatment to achieve the necessary formability for
cold forging. The subcritical and intercritical processes are usually used to
spheroidize the steel wires. The cold-forging quality SCM435 alloy medium
carbon steel wires are widely used to manufacture high tension bolts for me-
chanical and heavy industry. In this study, the spheroidized annealing expe-
riments on SCM435 alloy steel wires are conducted in a commercial bell fur-
nace with a protective atmosphere of nitrogen or hydrogen. The mechanical
properties of annealed steel wires are measured by tensile and Rockwell hard-
ness tests and the process capability is evaluated. It is experimentally revealed
that, for SCM435 alloy medium carbon steel wires, the wire quality with in-
tercritical annealing is much better than that with subcritical annealing and is
markedly affected by furnace atmospheres. The intercritical annealing quality
on SCM435 alloy steel wire in hydrogen atmosphere furnace is better than in
nitrogen atmosphere furnace. A comparison between the results obtained
using the intercritical annealing with hydrogen atmosphere and the measures
using the subcritical annealing shows that the intercritical annealing effec-
tively improves the performance measures of low strength and high ductility
over their values at the subcritical annealing. The results presented in this
study could be a reference for fasters wire manufacturers.
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1. Introduction

The SCM435 alloy medium carbon steel wires are widely used to fabricate high
strength bolts and machine parts. The wires are usually produced by drawing,
followed by spheroidized annealing to achieve the necessary formability for cold
forging. The majority of all spheroidizing activity is performed to improve the
ductility of steel [1] [2] [3] for cold formability. The subcritical and intercritical
processes are usually used for the spheroidized annealing of steel wires [3] with a
protective atmosphere of nitrogen or hydrogen [4] [5]. The subcritical annealing
treatment is simply heating the steel wires to a temperature below Ac, tempera-
ture and holding at this temperature which the annealing time may be very long.
The intercritical annealing treatment consists of a duration holding at a temper-
ature between Ac, and Ac, temperatures followed by slow cooling or holding at a
temperature below Ac, temperature. The spheroidized annealing usually consumes
a large amount of time and energy.

To improve spheroidization of the steel wires, some studies have been con-
ducted. O’Brien and Hosford [6] investigated the spheroidization of the medium
carbon steels, AISI 1541 and AISI 4037, used in the bolt industry with intercriti-
cal and subcritical cycles and indicated that the subcritical annealing could re-
quire shorter process time than the intercritical annealing for achieving higher
formability of the medium carbon steel. Introducing defects into cementites by
severe plastic deformation is one of the effective methods for increasing the sphe-
roidization speed. Ko et al [7] proposed a method of continuous shear drawing
for industrial applications to steel wire manufacturing and compared the sphe-
roidization behavior of medium-carbon steel processed by continuous shear
drawing to that processed by conventional drawing. Joo ef al. [8] investigated the
effect of the non-circular drawing sequence on spheroidization behavior of the
medium carbon steel wire. It was indicated that the cementite in medium carbon
steel spheroidizes much more easily after a severe non-circular drawing, and
SEM results also revealed that the prior cold working could increase the sphe-
roidization ratio with cold workability improved by subcritical annealing. Gul’ et
al. [9] developed a method for a more intense spheroidization of cementites to
accelerate spheroidization. Spheroidization is induced by nonisothermal holding
at high temperatures using an internal heat source. The results show that the
spheroidized annealing temperature and prolonged heating time have the great-
est effect on the mechanical properties of steel wires. Ji et al. [10] investigated the
effect of subcritical annealing temperature on microstructure and mechanical
properties of SCM435 steel through changing the heating and soaking tempera-
ture. Lv et al [11] investigated the spheroidizing behavior of cementite in Fe-0.8C
mass% steel during cyclic heat treatment and indicated that cyclic heat treatment
method could effectively accelerate spheroidization of cementite.

For low carbon steel wires, Yang and Liu [12] conducted the experiment by
using Taguchi method to obtain optimum subcritical annealing conditions to

improve the mechanical properties of AISI 1022 steel wire for cold forming. Yang
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and Wang [13] studied experimentally on AISI 10B21 steel wires also by using
Taguchi method to obtain optimal subcritical annealing conditions to improve
the mechanical properties of steel wires for cold forming. Their results show
that the spheroidized annealing temperature and prolonged heating time have
the greatest effects on the mechanical properties of steel wires. Okonogi and
Yamazaki [14] investigated the effects of microstructure on mechanical prop-
erties of spheroidized annealing medium carbon steel wire rods and control
methods of microstructure of JIS SWRCH40K medium carbon steel wire rods.
The fine dispersed cementites and coarse ferrite grain were observed in the me-
dium carbon steel wire rods manufactured by isothermal transformation treat-
ment.

Annealing can be performed in batch or continuous furnaces. The most com-
mon type of furnace used for annealing of steel coils is a bell type furnace [5]. In
this study, the intercritical annealing experiment (at an annealing temperature of
770°C) is conducted in a commercial bell furnace to investigate spheroidizing be-
havior of SCM435 alloy steel wires in comparison with those at subcritical an-
nealing temperature of 680°C and 720°C). The furnace atmosphere also becomes
important to effective heat treating. For hydrogen atmosphere, its thermal con-
ductivity is approximately seven times that of nitrogen. To investigate the effect
of protective atmosphere, the wires are spheroidized with atmospheres of nitro-
gen and hydrogen, respectively. Mechanical properties are measured by tensile

and Rockwell hardness tests and the process capability is evaluated as well.

2. Spheroidized Annealing Experiments

In this study, the SCM435 alloy steel wire is spheroidizing annealed after cold-
drawn at 13.1% deformation. The steel wire coil (9.0 mm, Al-killed) is manu-
factured by China Steel Corporation, Kaohsiung, Taiwan. Its chemical composi-
tion is shown in Table 1.

For the intercritical process, the wires are heated into the intercritical temper-
ature of 770°C, which is between the Ac, and Ac; temperatures as illustrated in
Figure 1, for 2.5 hours and followed by slow cooling to the temperature of
665°C which is below Ac, temperature. It takes 21 hours in total. The experi-
mental tests on the alloy steel wires are carried out in an A210 bell-type furnace
(Rad-Con Inc., Cleveland, OH, USA) with protective atmospheres of nitrogen
and hydrogen, respectively.

With protective atmospheres of hydrogen in the same commercial bell fur-
nace, the subcritical annealing treatment was conducted by heating the wires to
the temperature as 680°C and 720°C, which are below Ac, temperature as shown
in Figure 1, for 5 hours and followed by slow cooling to the temperature of
450°C. The cycle time is about 22 hours.

In this study, the mechanical properties of the spheroidized annealed wires,
such as tensile strength, ductility and hardness, are investigated. The tensile test

is used as a measure of ductility by calculating the elongation of the specimen
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Table 1. Chemical composition of SCM435 alloy steel wires (wt%).

C P Mn Si Al Cu Ni Cr Mo
0.37 0.014 0.74 0.21 0.048 0.007 0.01 0.99 0.17
Ac3
800
770 232 Acl
700 | 720 NS
680
600 -
O
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Figure 1. Spheroidized annealing procedures.

upon fracture [15]. The tensile tests are conducted on a 20 ton universal testing
machine under a constant ram speed of 7 mm/min at room temperature. The
dimensions of the tensile specimen are ©8.39 mm Xx L200 mm. The Rockwell
hardness values are measured at 6 points on each specimen. Each test trial, in-
cluding ten specimens which are taken from distinct regions in the furnace, is
followed by a fabrication process.

Process capability is a measure of the nature behavior of the process after spe-
cial causes of variation are eliminated, and the basic purpose is to compare the
“normal variation” of the process against the design tolerances to assess whether
the process can meet those specifications [15]. Spheroidized annealing primarily
provides a needed ductility for cold forging which the ductility of the steel wire
is increased and its strength and hardness is reduced too. As the company as-
signed, the ductility of the annealed wires should be exceeding 0.30. For the duc-
tility of the annealed wires, since only lower specification limit is necessary, the
process-capability ratio [15]
u—LSL

38

CPL = (1)

is measured, where u is the process average, LSL is the lower specification limit
and S'is the process standard deviation of each trial.

Through spheroidized annealing, the ductility of the steel wire may be in-
creased, and its strength is simultaneously reduced. However, the annealed steel
wire has to supply a certain strength for cold heading. The tensile strength of the
annealed wires should not exceeding 620 MPa and the hardness not exceeding

90 HRB, which are assigned by the company. Since only upper specification lim-
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it is necessary for the tensile strength and hardness of the annealed wires, the

process-capability ratio is measured as [15]

USL—u
3

CPU = 2)

where USL is the upper specification limit of each trial.

3. Results and Discussion

Figure 2(a) and Figure 2(b) show the microstructures of undrawn and drawn
steel wires, respectively. They are not yet spheroidized annealed. For a non-treated
drawn wire, the tensile strength of 1005.0 MPa, the ductility of 0.109 and the
hardness of 105.0 HRB are measured. The high strength, hardness and poor
ductility are mainly due to heavy plastic work of drawing. Spheroidization is a
process to produce a microstructure in which contains sphere-like cementitie
particles, as shown in Figure 2(c). The globular structure obtained increases
formability of the steel wire.

When the wires are manufactured following the spheroidized annealing pro-
cedures displayed in Figure 1, the experimental results of the tensile strength,
ductility and hardness (mean, y; standard deviation, S and process-capability
ratio, CPU or CPL) of the spheroidized annealed steel wires are shown in Tables
2-4, respectively. It is revealed that, in comparison to non-treated wires, the mean
tensile strength is reduced more than 300 MPa, the mean hardness is also de-
creased at least 10 HRB, and the mean ductility is improved over 0.12 for the
annealed wires. However, the effectiveness of the four annealing processes is ob-
viously different. In addition, for a commercial bell furnace, the charge weight of
wires may be up to 30 tons and the obvious variation of annealing quality may
be due to the convection flow in the furnace.

Variation is the inability to perform a task consistently according to a specifi-
cation [15]. Observe Figure 3 and Figure 4, where the natural variations of the
process [15] of the four tests together with the non-treated experiment, includ-

ing the given specification limit/spans, are plotted in the figures respectively for

) N AR
pritg L KRN
Z .:1\9‘1%3 I AR

&y
44

(2) (b) (c)

Figure 2. Microstructures of SCM435 alloy steel wire (x500). (a) Undrawn (Non-treated); (b) Drawn (Non-treated); (c) Intercrit-
ical annealed.
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Table 2. Experimental results for tensile strength (MPa).

Exp. T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 N S CPU
Intercritical (H,) 512.6 557.4 608.4 560.3 555.7 527.5 507.6 598.9 600.4 587.4 561.6 36.95 0.53
Intercritical (N,) 538.9 586.2 501.3 597.3 588.5 605.8 606.6 621.3 574.0 586.7 580.6 35.67 0.37
Subcritical (720) 593.5 628.0 645.7 624.2 641.4 628.6 626.6 644.3 617.1 631.5 628.1 15.24 -
Subcritical (680) 701.5 679.0 674.5 705.9 695.4 691.5 662.9 656.2 681.2 - 683.1 16.98 -

Non-treated 1014.5 11339 970.3 986.2 982.7 991.2 977.5 993.4 1016.0 984.6 1005.0 47.57
Table 3. Experimental results for ductility (e,).

Exp. T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 n S CPL
Intercritical (H,)  0.388 0.320 0.299 0.336 0.328 0.407 0.402 0.314 0.300 0.302 0.339 0.043 0.31
Intercritical (N,)  0.304 0.255 0.354 0.279 0.269 0.274 0.283 0.277 0.242 0.294 0.283 0.031 -
Subcritical (720)  0.301 0.280 0.291 0.289 0.252 0.289 0.280 0.278 0.288 0.282 0.283 0.013 -
Subcritical (680)  0.215 0.230 0.254 0.233 0.240 0.265 0.230 0.237 0.235 - 0.238 0.015 -

Non-treated 0.110 0.095 0.113 0.117 0.107 0.106 0.115 0.107 0.104 0.112 0.109 0.007
Table 4. Experimental results for hardness (HRB).

Exp. T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 0 S CPU
Intercritical (H,) 90.8 89.0 87.8 83.2 82.1 87.4 82.2 90.8 90.8 91.6 87.6 3.76 0.22
Intercritical (N,) 92.0 92.2 92.6 91.8 88.3 91.3 91.9 93.4 91.8 87.7 91.3 1.83 -
Subcritical (720) 86.3 87.8 88.2 85.0 87.6 88.0 88.6 88.4 86.8 89.0 87.6 1.21 0.67
Subcritical (680) 89.9 92.6 91.5 92.0 90.8 92.5 92.0 90.8 93.0 92.9 91.8 1.04 -

Non-treated 106.2 104.0 106.1 104.5 106.3 106.3 105.6 105.4 101.3 104.6 105.0 1.55

the tensile strength together with ductility and hardness of SCM435 alloy steel
wires. The properties of spheroidized annealing wires are obviously varied with

various annealing processes.

3.1. Tensile Strength

In comparison with both subcritical processes annealing at 680°C and 720°C, as
shown in Table 2 and Figure 3, the mean tensile strengths of annealed wires
are smaller for the two intercritical processes annealing at 770°C, particularly
with protective atmosphere of hydrogen. However, the standard deviations are
larger for the two intercritical processes may be due to faster preheating rate and
shorter prolonged heating time of only 2.5 hours, as shown in Figure 1.

For the four annealing processes, the mean tensile strength of annealed wires
varies from 561.6 to 683.1 MPa, and the mean values of both subcritical processes
are exceeding 620 MPa, as shown in Table 2 and Figure 3, particularly for the
subcritical process annealing at 680°C which results are all exceeding the upper

specification limit, as illustrated in Figure 3, due to lower annealing temperature.
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Figure 3. Natural variation of the process for tensile strength and ductility.
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Figure 4. Natural variation of the process for hardness.

The process-capability ratios (CPU) for the four annealing processes are smaller
than 1, as shown in Table 2, which mean that their natural variations of the
process are larger than the tolerance band given, thus, their processes are not
able to meet the specifications and incapable of ensuring 99.73% of good an-
nealing wires [15]. However, for the intercritical process with hydrogen atmos-
phere, the process-capability ratio (CPU) of 0.53, as shown in Table 2, is the
greatest. That is, for the property of tensile strength, its process capability is the
best of the four annealing processes.

3.2. Ductility

As shown in Table 3 and Figure 3, the means of ductility vary from 0.238 to
0.339 for the four annealing processes. It is obviously that the mean ductility of
wires annealing used the intercritical process with hydrogen atmosphere is the
best, even better than the process with nitrogen atmosphere. However, the stan-

dard deviations for the two intercritical processes are large due to faster pre-
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heating rate and shorter prolonged heating time.

The mean values of ductility for both subcritical processes and intercritical
process with nitrogen atmosphere are not exceeding 0.30, as shown in Table 3
and Figure 3, particularly for the subcritical process annealing at 680°C which
results are not exceeding the lower specification limit, as illustrated in Figure 3,
due to lower annealing temperature. The process-capability ratios (CPL) for the
four annealing processes are also smaller than 1, as shown in Table 3. That is,
their natural variations of the process are larger than the tolerance band given.
However, for the intercritical process with hydrogen atmosphere, the process-
capability ratio (CPL) of 0.31, as shown in Table 3, is also the greatest. There-
fore, for the property of ductility, its process capability is the best of the four an-

nealing processes.

3.3. Hardness

The mean values of hardness, as illustrated in Table 4, are similar for the four
annealing processes. The mean hardness of annealed wires is the same for inter-
critical process with hydrogen atmosphere and subcritical process annealing at
720°C, but with different standard deviation, as illustrated in Table 4 and Figure
4. The standard deviations for the intercritical processes are also large. For the
intercritical process with nitrogen atmosphere and subcritical process annealing
at 680°C, their mean values of hardness are exceeding 90 HRB, as shown in Ta-
ble 4 and Figure 4

The process-capability ratios (CPU) for the four annealing processes are also
smaller than 1, as shown in Table 4, thus, their natural variations of the process
are larger than the tolerance band given. However, for the subcritical process
annealing at 720°C, the process-capability ratio (CPU) of 0.67, as shown in Ta-
ble 4, is the greatest in consequence of smaller standard deviation.

In the commercial application, the bell-type furnace is usually used for the
heat treatment process of spheroidized annealing medium-carbon alloy steels for
cold-heading quality. The character of the bell furnace concept leads to efficient
use of the furnace chamber space and the furnace can be configured for a sin-
gle-stack of coils, or for multiple-stacks under one inner cover [5]. Therefore, to
obtain stable annealing quality of SCM435 alloy steel wires, highly efficient con-
vection flow in the furnace chamber space is essential.

Commercial spheroidizated annealing usually consumes a large amount of
time and energy. The atmospheres used in the annealing furnace is not only to
protect the steel wires being processed from chemical reactions that could occur
on their surfaces (e.g. oxidation or decarburization), but also to conduct heat to
the wires. The thermal conductivity of hydrogen is approximately seven times
that of nitrogen. The hydrogen gas is only 1/14th the mass of nitrogen, leading
to high efficiency convection in the furnace. The higher convection flow along
with the properties of hydrogen itself, substantially increases the rate at which
heat is delivered to the steel wires [5]. In comparison with N,, the higher heat

conductivity of H, provides an overall improvement in heat transfer and a cor-
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responding increase in annealing and cooling output. Therefore, the annealing
quality of SCM435 alloy steel wires with hydrogen annealing is better than that
with nitrogen annealing, as illustrated in Figure 3 and Figure 4. However, in
this study, for the intercritical process, the apparently uneven quality of annealed
wires may result from shorter prolonged heating time.

With increasing the subcritical annealing temperature from 680°C to 720°C,
as shown in Figure 3, the performance of low strength and high ductility sub-
stantially improves the formability of SCM435 alloy steel wires. In the meantime,
the quality of annealed wires is more uniform due to longer prolonged heating
time. However, the performance is obviously not as good as that for intercritical
process annealing at temperature of 770°C, especially for annealing with hydro-
gen atmosphere. Consequently, to improve the formability of SCM435 alloy steel
wires with the performance of low strength and high ductility, it is effective to
apply the intercritical annealing process with hydrogen atmosphere along with

longer prolonged heating time to obtain more even quality of annealed wires.

4. Conclusion

The cold forming quality SCM435 alloy steel wires are usually used to manufac-
ture high tension bolts for mechanical and heavy industry. The wires are usually
produced by drawing, followed by spheroidized annealing to achieve the neces-
sary formability for cold forging. Commercial spheroidizated annealing usually
consumes a large amount of time and energy. In this study, the subcritical and
intercritical annealing experiments on SCM435 alloy steel wires are carried out
in a commercial bell furnace with a protective atmosphere of nitrogen or hydro-
gen. It is experimentally revealed that, for SCM435 alloy medium carbon steel
wires, the wire quality with intercritical annealing is much better than subcritical
annealing and is markedly affected by furnace atmospheres. The higher heat
conductivity of H, provides an overall improvement in heat transfer. Therefore,
to enhance the formability of SCM435 alloy steel wires with the performance of
low strength and high ductility, it is effective to apply the intercritical annealing
process with hydrogen atmosphere, and leads to obtaining the mean tensile
strength of 561.6 MPa, mean ductility of 0.339 and mean hardness of 87.6 HRB.
However, the process-capability ratios are smaller than 1; that is, their natural
variations of the process are larger than the tolerance band given. The results

presented in this study could be a reference for fasters wire manufacturers.
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