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Fatigue Strength Improvement of Carbon Steel
by Rapid Cooling from 700C
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. of steel welded joint has previously reported and
1. Introduction . . .
the mechanism has been deduced to be mainly aging
Y~®_ And the effect of carbon content on this pheno-
The effect of rapid cooling into water at a tempera- menon was preliminarily studied and extremely low

ture below A; point to improve the fatigue strength carbon steel (0.003 % C) has not revealed such imp-

* Member, Dept. of Materials Science & Engineering, College of Engineering, National Fisheries Univ. of Pusan

332



120

rovement of fatigue strength. In this report, the effect
of carbon content of low carbon steel on the effect
to improve its fatigue strength is further studied
to know the carbon content limit for the effect. Eight
laboratory melted heats which contained different
levels of carbon were provided. And all the speci-
mens from these heats were heat treated under the
A, point, 700C, following furnace cooling, air cooling
and rapid cooling into water. And tension, fatigue
and metallographic tests were carried out.

2. Experimental procedures

2.1 Heat and specimens

The heats were melted by high frequency induc-
tion furnace under argon gas atmosphere.

A 99.8% purity electrolytic iron was melted and
pig iron containing 4% C and carbon steel SM 50A
were added to adjust carbon content of the melt.
Metallic silicon and electrolytic manganese was ad-
ded to deoxidize the melt. The size of ingot was
90X 76 X48 mm, and the weight was about 3 kg. The
ingot was hot rolled at 950C and then finished to
be 4 mm thick sheet. After rolling, the sheets were
heat treated at 950 not only to eliminate the stress
by rolling but also to obtain a uniform grain size
of all the sheets. The tension and fatigue test speci-
mens were prepared from the heat treated
sheets.

Table 1 shows the chemical composition of the

H. S. Jeong

eight sheets. Half of each sheets from C-1 to C4
were furnace-cooled from 700C and the rest were
heated to 700C and then rapidly cooled into iced
water. The sheets from D; to Dy were also heated
to 700C and then air cooled. The carbon content
was varied from 0.017 to 0.08%. Manganese contents
showed a small scatter and nitrogen content in the
sheets ranged from 29 ppm to 60 ppm.

2.2 Heat treatment of the specimens

Fig.1 shows the shape and dimension of the ten-
sion and fatigue test specimens. All the specimens
were heated to 700C for 25 minutes, then all of them
were furnace cooled in order to eliminate any resi-
dual stress caused by machining. Half of each sheet
from C—1 to C-4 were tested under this condition
and are referred to be furnace-cooled-specimen he-
reafter. After furnace cooling, the rest of the sheets
from C-1 to C-4 were reheated to 700C for 25 minu-
tes and then rapidly cooled into iced water. These
are referred to be rapid-cooled-specimens hereafter.
The test specimens from D-1 to D-4 were all rehea-
ted to 700C for 25 minutes after furnace-cooling and
then air cooled. All test specimens were put in cast
steel powder to prevent them from decarburization
during heating.

2.3 Tensile and fatigue specimens

All the specimens shown in Fig.l were polished

Table 1. Chemical composition of steels

steels elements, wt. %
C Si Mn P S N

C—-1 0.019 031 0.85 0.004 0.005 0.0041
Cc-2 0.029 0.30 0.80 0.005 0.005 00042
C—-3 0.060 031 0.73 0.003 0.008 0.0050
C—4 0.070 0.29 0.85 0.002 0.008 0.0060
D—1 0.017 0.20 1.08 0.602 0.004 0.0029
D—2 0.029 024 0.76 0.006 0.005 0.0045
D—-3 0.060 0.29 136 0.004 0.004 0.0032
D—4 0.080 0.14 048 0.005 0.008 0.0040

C series are furnace-cooled or rapid-cooled into iced water from 700C

D series art air cooled from 700C
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with No. 600 emery paper. Rapid-cooled specimens
were aged at room temperature for more than 1 mo-
nth. The notch of fatigue specimen is located at 35.5
mm from fixed end, and the front tip radius is 0.25
mm. The stress concentration factor of the notch
is 2.7.
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Fig. 1 Shape and dimension of test specimens
a) tension test specimen
b) fatigue test specimen

2.4 Fatigue testing

A cantilever type of bending fatigue machine with
1060 cycle and stress ratio R= —1 was used for fati-
gue test. The stress applied to fatigue specimen is
determined by measuring the deflection of the speci-
men, which can be varied. Also the strain of the
specimens are measured directly by strain gauge.
Comparing the deflection and strain, stress applied
to fatigue specimen is calculated.

2.5 Measurement of ferrite grain size

The ferrite grain sizes of the steels were measured
by optical microscope, according to JIS G0552. For
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measuring ferrite grain size, the average of more
than twenty fields were adopted. There was little
difference in ferrite grain size of all specimens, which
was ranged from 6.8 to 7.2.

2.6 Change of hardness on aging

The hardness change in the ferrite grain of rapi-
dly-cooled specimens was measured by micro-Vic-
kers tester and the average of more than 10 readings
was adopted.

3. Results and discussion

3.1 Results of tensile test

‘I'able 2 and Fig.2 show the results of tension test.
As shown in Table 2, tensile strength increases from
3340 kgf/mm?® to 39.50 kgf/mm?’ as carbon content
increases from 0.017% to 0.080% in case of the fur-
nace-cooled specimens. Tensile strength increases
linearly in proportion to carbon content as shown
in Fig.2. The same tendency was shown in case of
the air-cooled specimens, too. There was no remar-
kable difference in the tensile strength of the fur-
nace-cooled and air-cooled specimens. The tensile
strength of rapid-cooled-specimen showed the same
linear relationship to carbon content as the furnace-
cooled and air-cooled specimens but were 40% hi-
gher compared with the latter ones. The elongation
of furnace-cooled specimens was about 46% at each
carbon content, and about 44% in case of air-cooled
ones. The elongation of rapid-cooled-specimens was
about 30% on the average (see Fig2).

3.2 Change of hardness by aging

Fig.3 shows the change of hardness in the ferrite
grain by aging of rapid-cooled-specimens. The hard-
ness in the ferrite grain becomes higher gradually
by aging, and it becomes nearly constant after about
1 month. Consequently, rapid-cooled-tension and fa-
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Table 2. Mechanical properties of test specimens
carbon content heat treatment tensile strength elongation
(wt. %) (kgf/mm?® (%)
fc 3340 40.05
0.017
a c 34.90 37.70
f c 3355 4470
0.029 ac 35.90 40.10
r. C 51.95 24.05
fc 36.25 40.10
0.060 ac 3740 3815
L. C 53.10 21.10
f c 38.80 4040
0070
r. ¢ 53.20 2323
fc 3950 40.65
0.080 ac 39.87 37.80
r. C 55.15 2145
f. c . furnace cooling ac.: air cooling, r.c. : rapid cooling
T r—r—r—T— T T
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| /‘/A [ | 3 250k © 0.070°*%C i i . gz::x 8_4
¢ sol r tensile strength g L .. . o2 oio ol
£ | ] £ | f & 1]
> furnace cooling - : Ya g i 1
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£ i air cooling 2 . a s E :
R 1 3 k& oo
S 40 elongation o R . F
] ° 102 103 104 105
2 @ Aging Time, min.
g 1°° Fig. 3 Change of hardness during aging time at room tem-
- ] perature
3o a-— Talbe 3 Fatigue test results
S rapid cooling - fatigue strength
4 d20 carbon content ﬁl(l gf/mmggt
T R (wt.%) fc. ac. rc
carbon content,wt. % 0017 B 9.6 -
Fig. 2 Characteristics among carbon content, heat treatment 0019 787 B 2086
and mechanical properties 0.029 842 1005 21.03
0.060 9.88 11.06 2213
tigue specimens were tested after aging for over 1 0.070 1050 - 2098
month. 0.080 — 11.50 -

3.3 Fatigue test results
The fatigue test results are shown from Fig4 to

Fig.7 and summarized in Table 3.
Fig4 shows the fatigue test results of furnace-coo-
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fc. : furance cooling, ac. : air cooling
r.c. - rapid cooling

led and rapid-cooled-specimens containing 0.019%
carbon, and air-cooled-specimens of 0.017% carbon.
It is clear that fatigue strength increases remarkably
by rapid cooling. In case of 0.019% carbon, fatigue
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limit in the furnace-cooled and air-cooled conditions
are 7.87 kgf/mm® and 9.66 kgf/mm?, respectively. But
rapid-cooled-specimens show over 15 kgf/mm’ fati-

gue limit.
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Fig. 4 Fatigue test results of 0.017 and 0019%C speci-
mens

Fig.5 shows the fatigue test results of 0.029% car-
bon specimens which were subjected to the three
different heat treatments. The results are similar
to those shown in Fig4. The fatigue limits of the
furnace-cooled, air-cooled and rapid-cooled condi-
tions are 8.42, 10.05 and over 16 kgf/mm’, respecti-
vely.

Fig.6 shows fatigue testing results of 0.060% car-
bon specimens, which has the same tendency as in
Fig4 and Fig5. The fatigue limits in the three diffe-
rent conditions, i.e., furnace-cooled, air-cooled and
rapid-cooled are 9.88, 11.06 and 22.13 kgf/mm’, res-
pectively.
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Fig. 6 Fatigue test results of 0.060%C specimens

Fig.7 shows the fatigue test results of the 0.07%
carbon specimens which underwent the furnace-coo-
ling and rapid-cooling heat treatments, together with
the result of air cooled 0.080% carbon specimens.
In this case, fatigue limits of the furnace-cooled and
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Fig. 5 Fatigue test results of 0029%C specimens
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Fig. 7 Fatigue test results of 0.070 and 080%C speci-
mens
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rapid-cooled conditions are 10.50, 20.98 kgf/mm? re-
spectively. And the fatigue limit of air-cooled 0.080%
carbon specimens is 11.50 kgf/mm’.

These results reveal that the fatigue limit is inc-
reased remarkably by rapid cooling compared with
air cooling or furnace cooling.

Fig.8 shows the relationship between carbon con-
tent and fatigue limit. Fatigue limit increases linearly
with carbon content in case of furnace-cooling and
air-cooling, but that of rapid-cooled-specimens shows
only a small change with increasing carbon content.

Based on the tension and fatigue test results, the
equations between tensile, fatigue limit and carbon
contents were obtained by the least squares method
and are shown as follows -

os=31.06 + 10228 X (C%) (D
(tensile strength of furnace cooling)
om=33.59 + 7365 (C%) 3

(tensile strength of air cooling)
o8 =50.16 + 53.33 (C%) 3

(tensile strength of rapid cooling)

o~
E | A
E  —a—a &
> 20+ -
o
X
- I © furnace cooling 1
L
= 15l ® aircooling R
§ I A rapid cooling
9 :
o | /. /‘
= 10r ‘/./o/ 4
o
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0 0.05

carbon content,wt. %

Fig. 8 The relationship between carbon content and fatigue
limit
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01 =693 + 5036 (C%) -wwoeveereereres 4
(fatigue limit of turnace cooling)
6L=919 + 2971 (C%) -wrerreeveerseens (5)
(fatigue limit of air cooling)
ou=20.75 + 1129 (C%) --rereveereeeees (6)

(fatigue limit of rapid cooling)

The equations from (1) to (3) are the relationship
between tensile strength and carbon content, and
the correlation coefficients are 0.97, 0.98 and 0.89,
respectively. The correlation coefficient of rapid-coo-
led condition is lower than that of furnace-cooled
and air-cooled condition.

The equations from (4) to (6) are the relationship
among fatigue limit and carbon content and the cor-
relation coefficients are 0.999, 0.997 and 0.5, respecti-
vely. Good correlationship is recognized for furnace-
cooled and air-cooled condition, but in case of rapid-
cooled condition is small.

The effect of carbon content and heat treatment
on fatigue strength improvement may be evaluated
by the following factor. The fatigue limit increasing
rate (FLIR) is defined as follows;

FLIR= _OuOu X 1w( % ) ................ {7]
o v v T T T T
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Fig. 9 The relation between carbon content and fatigue limit
increasing rate
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oL fatigue limit of rapid-cooled condition

fatigue limit of furnace-cooled condition

Il

OLt

Fig9 shows the relationship between carbon content
and FLIR based on equation (7). FLIR decreases as
increasing carbon content especially in case of rapid
cooling. FLIR of air cooled specimens is very small
compared with rapid-cooled condition. Also, similar to
the rapid-cooled specimens, the FLIR of the air-cooled
specimens decreases with increasing carbon content.

Fig.10 shows the relation between carbon content
and endurance ratio, ou/os. It can be seen that the en-
durance ratio varies only slightly with increasing car-
bon content for all three heat treatment conditions.
The endurance ratios of furnace-cooled and air-cooled
conditions range from 024 to 027 and 027 to 0.29,
respectively. And the endurance ratio of rapid-cooled-
specimen ranges from 0.38 to 041
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Fig. 10 Change of endurance ratio for three different heat
treatments

Fig.11 shows the precipitation constituents observed
by scanning electron microscope. Figlla and Fig.11b
show the distribution of precipitates of furnace-cooled
0.019% and air-cooled 0.017% carbon specimens. No
precipitates are observed in the ferrite grain. While
much precipitation is observed in the ferrite grain of
rapid-cooled specimens(Fig.11c to Fig.11.

REIFEBEE, F1286 $H2%%, 19944 6A

Fig.1lc and d are the cases of rapid-cooled 0.019
and 0.029% carbon specimens, in which the difference
in the precipitation features are recognized, compared
with Fig.11e (0.06% C) and Figllf (0.07% C). In the
former ones precipitates are observed only in the fer-
rite grain and those are uniformly distributed. But in
the latter ones, precipitates are observed not only in
the ferrite grain but also on the ferrite grain boundary
or near the grain boundary. And the precipitation cons-
tituents on the grain boundary or near grain boundary
are very coarsed ones.

4. Conclusions

Eight laboratory melted specimens were subjected
to different heat treatments below A, point. The effect
of aging concerned with improvement of fatigue stre-
ngth was investigated.

The main conclusions obtained were as follows;

1. Tensile and fatigue limit of all specimens ranging
from 0.017 to 0.08%C increased remarkably by low
temperature heating (700C) below A, point and rapid
cooling into iced water.

2. The fatigue limit and endurance ratio of rapid-
cooled-specimens were nearly the same at all levels
of carbon investigated and were independent of carbon
content.
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126 H. S. Jeong

Fig. 11 SEM microstructures of heat treated specimens
a) 0.019% C(furnace-cooled)
b) 0017 % C(air-cooled)
¢} 0019% C(rapid-cooled and aged)
d) 0.029% C(rapid-colled and aged)
e) 0.060% C(rapid-colled and aged)
f) 0.070% C(rapid-colled and aged)
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