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Abstract

The oil quench and temper technique have a lot of benefits for
heavy duty spring manufacture since it may expose the best
balance of toughness and ductility, as well as increase fatigue life.
The current study looked at the fatigue behavior of tempered AlSI
5160 leaf spring steel samples at tempering temperatures of 400, 450,
500, 550, and 600 °C, as well as isothermally heat- treated steel
samples at 830 °C. All leaf spring steel samples that had undergone
thermal fempering and isothermal heat treatment were then tested
up fo fracture utilizing rotational fatigue test equipment under the
effect of various stress levels. All steel samples subjected to
tempering heat treatments of 400°C to 600°C showed a decrease in
hardness ratings. The Rockwell hardness ratings of the steel samples
that treated to isothermal heat freatment increased significantly.
Experimental fatigue tfesting revealed that the values of fatigue
resistance for steel samples tempered at (400 and 450) °C
temperatures dropped by a small amount. The fatigue resistance
values for steel specimens tempered at 500 °C to 600 °C
temperatures decreased more than the values for steel samples
tempered at 500 to 600 °C temperatures. A fatigue resistance of
steel samples that were freated to isothermal heat tfreatments, on
the other hand, increased. Steel samples that were isothermally
heat-tfreated at 830 °C and then chilled in a salt brine solution, on the
other hand, showed an increase in fatigue resistance.

Keywords: Fatigue, tempering heat freatment, Isothermal heat
tfreatments, Oil quenching, Bainite, Retained austenite
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1.0 INTRODUCTION

With outstanding mechanical features such as
hardness, yield strength, and fatigue resistance, AlSI
5160 Leaf spring steel is one of the most extensively
used materials in vehicle suspension systems. These
are the primary criteria for transporting heavy loads,
and the suspension system's leaf spring is subjected to
cyclic pressures as a result of road undulations [2].
Heavy-duty leaf springs in automobile suspension
systems are commonly made of AlSI 5155 steel that
has been oil quenched and tempered. Only a few
technical applications call for quenched steel.
Temperatures may be adjusted to gradually reduce
hardness while increasing ductility and impact
sfrength  [1]. Temper treatment considerably
influences the mechanical characteristics of a
selected alloy. Hardness and ultimate tensile strength
were steadily reduced while ductility was enhanced
by increasing the tempering time and temperature
[2]. Under high cycle settings, the fatfigue fracture
behaviors of 60Si2MnA spring steel tempered at 400
°C were examined. The temperature af which it is
tempered has a significant effect on its fatigue
properfies. That instance, when tempered at 440 °C,
the S-N curve shows a continuous decrease, but
when tempered at 400 °C, the S-N curve shows a
confinuous increase, and fafigue failure s
predominantly caused by massive oxide inclusions.
Despite the fact that specimens tempered at 400 °C
have greater fatigue strength than specimens
tempered at 440 °C [3]. The effect of Pb % in SAE5160
steel was measured after infroducing the temper
temperature and employing the cooling oil at 66 Co.
Charpy experiments revealed that the presence of
phosphorus causes embritflement even at low levels
of phosphorus and causes intergranular fracture.
While taking nucleation life into consideration,
embrittlement has no influence on the specimen's
nucleation fatigue life [4]. 5160 steel specimens
containing 0.001 and 0.034 in mass phosphorus were
austenitized at temperatures ranging from 830 to
1100 °C before being quenched to produce
martensite. The specimens were subsequently
tempered at temperatures ranging from 10 to 500 °C.
Scanning electron microscopy pictures revealed the
production of carbides as well as fracture surfaces on
the boundaries of austenite grains. The low
phosphorus steel was subsequently improved by
austenizing at 1100°C and then quenching [5]. The
influence of immersion rate on distortion and residual
strains induced after heat freatment was investigated
using Deform-3D software (hardening of SAE5160
steel used in leap springs). Certain ranges of
immersion rates were discovered to be effective in
reducing distortion and residual strains [6]. The impact
of heat treatment on AISI 5160 steel sheets was
discussed. Hardening was followed by water
guenching, and the steel sheets were then tempered
and guenched by water. It was discovered that the
steel hardness rose from 40 HRC to 62 HRC affer
tempering, and that the hardness value slightly
reduced while the percentage elongation and
ultimate ftensile strength increased [7]. It was
addressed how a succession of heat treatments

affected the fatigue strength of hot work steel H13. It
was discovered that these heat treatments improved
fatigue strength. The results also demonstrated that
twofold tempering heat freatment leads in the best
value of steel fatigue strength [8]. To meet the leaf
spring specifications, the steel leaf springs were
replaced with lighter ones made of fiber reinforced
composite materials. Carbon fiber composites were
discovered to save roughly 80 % of material while
providing stronger endurance strength than steel [?].
The fatigue life of leaf springs was investigated using
two materials, SAE5160 and SAE51B60H, with constant
amplitude loading. In this investigation, the fatigue
life of the leaf springs was estimated using the finite
element method fo the relation curve S-N. It was
discovered that SAES51B60H has a longer fatigue life
than SAE5160 [10]. The static and fatigue properties
of steel and glass fiber reinforced polymer leaf springs
were studied. Static analysis of 2-D and 3-D is done
using ANSYS 7.1 and the results are compared to the
experiment results. It was discovered that the fiber
glass spring had 67.35 percent less stress, 64.75 %
greater sfiffness, and 126.89 percent higher natural
frequency weight reduction than steel. Furthermore,
the fatigue life of fiber glass is greater than that of
steel leaf springs [11]. Steel rod specimens to produce
a multi-phase matrix, lower bainite transformation
occurred at the 561°K, 589 °K, and 566 °K isothermal
temperatures for 5160 steels, according to hardness
data. The thermodynamic and kinetic models were
used to characterize the genesis of the bainitic phase
in SAE 5160 of the steel [12]. The influence of the
quenching media on cooling time and the resulting
microstructures of AISI5160 leaf spring steel were
studied. Ten different media were employed, as well
as an AlSI5160 steel heat-slag to 850Co for 30
minutes. After quenching in oil, the resulting
microstructure was approximately 78.4 percent
martensite, with the highest martensite percent found
to be 94.4 percent after quenching in water plus urea
25g [13]. The influence of a cleaner and more
uniform microstructure obtained via electro-slag
remitting on the mechanical and dynamic
characteristics of spring steel was studied. The
resulting microstructures improved scattering while
having a defrimental influence on the fafigue
characteristics of spring steel [14]. The fatigue of leaf
springs was elucidated by increasing the % of ferrite
in the leaf spring structure, which occurred by
decarburization on heat treated leaf spring. To
achieve minimal decarburization in the manufacture
of leaf springs, thermographic surrey was utilized in
heat freatment furnaces [15]. The effect of
decarburization on a compressing residual sfress field
(CRSF) for shot peening conditions on SAE5160 steel
was studied. The decarburization depth was shown fo
be altered by CRSF [16]. The influence of several
temperature cycles on the decarburization process
was studied using the thermo-mechanical simulator
Gleeble 1500. The duration between furnace
reheating and hot rolling, the temperature of hot
roling, the temperature in concluding the rolling
process, and the temperature of lying are the
parameters used. While the temperature ranges of
phase change are covered in detail [17]. Articles [18-
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20] show that stress behavior in PHS is subject to
surface irregularities, such as crack defects in the
coating and shear edge defects, which act as the
sites of inifiation and growth of fatigue cracks. These
effects can be reduced by conducting lead-piercing
or sandblasting operations that smooth the surface
and eliminate internal stresses, as noted in articles
[21-23] that of uncoated PHS and AHSS. However, the
stress resistance of PHS may also depend on the
microstructure of both the coating [24-27] and the
bulk material [28], which is strongly dependent on the
heat treatment conditions during the pressure
hardening process [29-36].

In this manuscript, the effect of tempering
temperature at different degrees 400, 450, 500, 550,
600 °C, and isothermal heat treatment temperature
830 °C will be studied on the fatigue strength
behavior of the specimens of steel type AISI 5160,
which is used in the manufacture of leaf springs for
composites.

2.0 METHODOLOGY
2.1 Materials

The test material was AlSI 5160 leaf spring specimen
of steel. Chemical compositions of the specimen
steel utilized in this experiment were determined using
a spectrometer, and the amount of the standard
range chemical composition material Table 1.

Table 1 The chemical composition for AISI 5160 leaf spring
specimen of steel used with slandered range composition

Wt, % C Si__ Mn P S Cr Fe

Standard 056 0.15 0.75 0.7 97.08
value - - <0.035 <0.04 - -
[100] 064 03 1 09 97.84
Actual (1 017 077 0028 003 081 97.582
value

2-2. Fatigue Samples Preparations and Heat

Treatments

The dimensions displayed in Figure 1 were used to
machine fatigue test samples from a single bar. To
meet the needed sample dimensions for the
rotating bending rig depicted in figure 1, the
grasping ends were turned and polished to a final
length of 50 and 100 mm and 10 mm in diameter,
while the necked areas were machined and
polished to a final length of 60 mm and 8.5 mm in
diameter. Each sample had an average surface
roughness of 0.12 m C.LA. After that, all test
samples were heat freated as shown in the next
section and then tested at a stress ratio of (R = -1).

100 > 60 a 50 5.
Ry

@ 10 @ 8.5 P 10
All dimension in mm

Figure 1 Dimension of the standard faftigue sample and
rotating bending fatigue testing

Two sets of fatigue samples were prepared for
heat freatment processes: the first was heated to
830 °C and then quenched in water to room
temperature.  After water quenching, the
microstructure of those samples is obviously
martensite with residual austenite microstructure, as
shown in Figure 2.

Figure 2 The microstructure of water quenched AlSI 5160
spring steel from 830 °C temperature: Microstructure:
martensite and retained austenite. Magnification: X600

After that, each of the sample groups was
created and divided into five subgroups. The
temperature of each sample of those five gropes
was then raised to 400, 450, 500, 550, and 600 °C.

The microstructure of each group is shown in
Figure 3, which clearly demonstrates a mixed
structure of martensite and bainite or Martensite
with bainite and pearlite.
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Figure 3 The microstructure of AISI 5160 spring steel. Water
qguenched from 830 °C temperature and then tempered
to: a - 400, b - 450, ¢ - 500, d - 550 and e - 600 °C
temperature. Mixed structure of martensite and bainite or
martensite with bainite and pearlite. Magnification: X600

Other fatigue sample groups were then given
isothermal heat treatments, which involved heating
them to 830 °C for 20 minutes and then cooling
them in a salt bath at 300 °C for 60 minutes to get a
reduced bainitic structure, as shown in Figure 4.
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Figure 4 The microstructure of isothermally heat treated
AISI 5160 spring steel. Bainite  microstructure.
Magnification: X600

3.0 RESULTS AND DISCUSSION

3.1 Relation between Hardness and Tempering
Temperature

Figure 5 shows the relationship between AISI 5160
leaf spring steel hardness and heat treatment
temperatures. The figure shows a decline in steel
hardness from 62 to 51 HRC when tempering
temperature rises from 400 to 600 °C. At 830 °C, an
isothermal heat treatment of AISI 5160 leaf spring
steel results in a hardness increase of up to 65 HRC.
An earlier study on the heat freatment effects of
different tempering temperatures 400 °C, 450 °C,
500 °C, and 550 °C on the mechanical properties
of spring steel revealed a large decrease in the
Rockwell hardness values with an increase in
tempering temperatures from 400 to 550 °C, which
was atfributed to the martensite and retained
austenite microstructure obtained after tempering

i -~+-Hardness, RC

Isothermal treatment
at 830 °C : B S

=
[}

=
(=]

Hardness, RC
h 17
(=] 7]

-
i
i
I
|
[

[

[

40 e
350 400 450 500 550 600 650 700 750 800 850
Tempering Temperature, C°

Figure 5 The relation between hardness vs. tempering
temperature

3.2 Schemes the Relation between Maximum
Stress and Number of Cycles

Figure 6 depicts the fatigue tests findings, which
show a relationship between maximum stress and
the fatigue life, namely, the number of cycles at
fracture (Wohler). The results show that as the
tempering temperature increased from 400 fo 450
°C, the number of cycles to failure was reduced
from 8 x 10? cycles to 1x10? cycle and the fatigue
strength limit was decreased from 749 MPa to 740
MPa which clearly reveals a decrease in the
fatigue resistance by roughly 0.987 %. When
tempering temperatures increased from 500 °C to
600 °C, the number of cycles to failure was also
reduced from 8x108 cycles to 6x107 cycle and the
fatigue strength limit was decreased from 702 MPa
to 599 MPa which clearly reveals a decrease in the
fatigue resistance by roughly 0.853 %. The loss in
fatigue resistance was caused by a drop in steel
hardness, as illustrated in Figure 6, which shows a
significant fall in steel hardness as tempering
temperatures were increased from 400 to 600 °C.
For isothermally heat-freated steel samples at 830
°C temperature the number of cycles to failure
increased up to 5x10° and the fatigue strength
limit was increased to 778 MPa which clearly
reveals an increase in the fatigue resistance of steel
samples that were isothermally treated up to 830
°C increased by roughly 1.038 % as compared with
samples tempered at 400°C temperature. The high
hardness of bainitic microstructure formation, as
demonstrated in Figure 5 and the hardness values
plotted in Figure 6, was responsible for the increase
in fatigue resistance.

An earlier investigation using 17CraNi2MoVNb
gear steel samples tempered at 180 °C, 400 °C,
and 620 °C temperatures found that fatigue life
rose as cycle stress reduced and decreased as
tempering temperatures climbed from 180 °C to
600 °C, which is consistent with the current findings.
[18]. It should be emphasized that the dislocation
had a role in determining fatigue strength
limitations, and high-density dislocations helped to
improve fatigue strength.

The stacking of dislocations coalesces as the
tempering femperature rises, resulting in a
decrease in dislocation density. As a result, the
samples that were tempered at 400 °C had the
highest fatigue strength limits when compared to
other tempered samples, in addition to the
decrease in the hardness values from 62 HRC to 57
HRC. The Isothermal heat-freated samples at 830
°C temperature revealed a highest fatigue strength
limit as compared to all other tempered samples.
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3.3 Schemes the Relation between Tempering
Temperature and Stress Failure

Figure 7 shows the relationship between sample
tempering temperature and stress to failure. The
stress values to failure were somewhat reduced
from 745 to 740 Mpa as the tempering
temperatures of spring steel samples increased
from 400 °C to 450 °C, which clearly revealed a
decrease in the amount of stress to failure by about
0.993 %.
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Figure 7 Relation between tempering femperature vs
stress failure

As previously shown in Figure 6, the decline was
owing to a modest decrease in the hardness values
from 62 HRC to 57 HRC. Spring steel samples had a
more substantial decrease in stress to failure from
740 MPa to 599 MPa as tempering temperatures
were increased from 450 to 600 °C, which was
about 0.809 % reduction in the stress to failure, and
this decrease in stress to failure was also
attributable to a decrease in spring steel hardness
from 57 HRC to 51 HRC as well as due to the
dislocations coalesces at high tempering
temperatures [3]. The stress to failure of spring steel
samples that were isothermally heat-treated at 830

°C increased by 878 MPa, which is a considerable
increase. That increase in stress to failure was due
to the high hardness 65 HRC of the bianitic
microstructure illustrated in Figure 5 and the high
hardness values 65 HRC given in Figure 6. The
stacking of dislocations coalesces at high
isothermal heat freatment temperatures, resulting
in a reduction in dislocation density. A previous
study discovered that increasing the tempering
temperature of spring steel from 400 fo 550 °C
dramatically diminishes the material's endurance
limit [37].

3-4 Schemes the Relation between Tempering
Temperature and Number of Cycles to Failure

The association between the number of cycles to
failure and the tempering temperatures of the
spring steel samples is shown in Figure 8. The figure
clearly illustrates that as the spring steel samples'
tempering temperatures were increased from 400
to 600 °C, the number of fatigue cycles to failure
dropped from 8x109 to 6x107. As previously
depicted in Figure (6), the decrease in the number
of fatigue cycles to failure was ascribed to a
decrease in the spring steel samples. The greater
hardness 65 HRC bainitic microstructure depicted
in Figure 5 and displayed in Figure 8 resulted in a
considerable increase in the number of fatigue
cycles to failure 5x100 cycles in spring steel
samples that were isothermally heat tfreated at 830
°C temperatures.

400, °C u 450, °C
w500, °C w550, °C
w600, °C wiso. H. T. at 830 °C

LOOE+11 1

1LOOE+10

LOOE+9 17

LOOE+08 {7

Number of cycle to failure, cycle

LOOE+07
Tempering Temperature, 'C

Figure 8 Relation between tempering temperature vs
number of cycle to failure

3.5 Schemes the Relation between Tempering
Temperature and Crack Growth Rate

Figure 9 shows the relationship between spring steel
sample crack growth rates and fempering
temperatures. As the tempering temperatures of
the spring steel samples were increased from 400 to
600 °C, the fracture growth rate values increased
from 1.122x10? mm/cycle to 2.02x107 mm/cycle.
The crack growth rate of spring steel samples that
were isothermally heat treated at 830 °C
temperatures was reduced to 5.3x10''1© mm/cycle.
There are previous studies that focused on studying
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the behavior of all steel’s fracture resistance under
the influence of high cycles, and this steel is
tempered with temperatures 400 & 450 °C
revealed that tempering temperature has a
significant impact on spring steel fatigue properties,
with lower strength levels obtained when tempered
at higher temperature 450 °C and higher strength
levels obtained when tempered at lower
temperature 400 °C [38].

u 400, °C u 450, °C
" 500, °C " 550, °C
® 600, °C w Isothermal heat treatment at 830 °C i

5.50E-10

5.50E-09

5.50E-08

5.50E-07

Crack growth rate (da/dN), mm/cycle

Tempering Temperature, °C

Figure 9 Relation between tempering temperature vs
crack growth rate

3.6 Schemes of the Number of Cycles with Crack
Length

Figure 10 depicts the crack length vs. cycle number
relationship of spring steel samples at varied
tempering temperatures and isothermal freatment.
The fracture length increased as the number of
cycles increased for all of the heat-treated leaf
spring steel samples.
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Figure 10 Comparison of the group - A stress crack growth
curves with the original specimen

The results also show that as tempering
temperatures increased from 400 to 450 °C, a slight
increase in crack lengths developed in the fatigue
regions of the leaf spring steel samples, and a

significantly large increase in crack lengths has
been observed for steel samples tempered beyond
400 °C up to 600 °C. When compared to temper
steel samples, isothermally heat-freated steel
samples had shorter crack lengths. It was revealed
in a prior study of the overall crack growth
behavior of thermomechanical control process
steel EH36 in which the higher the number of
cycles, the faster and faster the crack length
expanded. The crack propagatfion curves were
generally exponential between the crack length
and the number of cycles, indicating an increased
crack growth rate.

3.7 Conclusion of Fatigue Crack Growth Rate
Charts

A fatigue crack growth rate values were obtained
by entering all values obtained from different tests
for fatigue crack progression growth with a special
program using finite difference (front Newton
difference, cenftral finite difference and Newton's
method for posterior ended difference). Figures 11
show the results of deducing those curves and the
relationship between slit length and average slit
length for all models tested. The results showed as
in the Figure 11 that the fatigue crack growth rate
at tempering temperature 400 °C was the highest
value for the fatigue crack growth rate 0.0022
mm/cycle when the crack length was 2.02 mm,
then the fatigue crack growth rate became almost
constant with the increase in the crack length, and
if we compare the fatigue crack growth rate at
tempering temperature 400 °C with more
tempering femperatures, we note the following:
The fafigue crack growth rate at fempering
temperature 450 °C increased by 24.14 % when the
crack length was 2.2 mm, and then the fatigue
crack growth rate stabilized with the increase in
crack length , the fatigue crack growth rate was
more with increasing the crack length at tempering
temperature 500 °C by 50 % when the crack length
was 3.16 mm, then the fatigue crack growth rate
stabilized with the increase in the crack length, the
increase in the fatigue crack growth rate was more
at the tempering tfemperature 550 °C, where the
ratio 62.1% was when the crack length was 3.28
mm and then the fatigue crack growth rate was
stable with the increase in the slit length, and the
highest increase was 72.5 % at the tempering
temperature 600 °C and the crack length it was 4.4
mm, but the growth rate of the fatigue crack was
significantly lower at the temperature of isothermal
heat treatment 830 °C by 50 % than the growth
rate of the fatigue crack at the degree of
tempering 400 °C, when the crack length 1.1 mm
and then the crack growth rate of the fatigue
stabilized when the crack length increased.
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Figure 11 Shown the relafion between fatigue crack
length vs crack growth rate

3.8 Relation Between Failure Stress and Crack
Growth Rate

Figure 12 displays the crack growth rate vs
maximum stress relatfionship for tempered and
isothermally heat-treated steel samples. The figure
clearly shows that crack growth rates da/dN of leaf
spring steel samples fempered at 400°C were
significantly lower than those of other tempered
steel samples, and crack growth rates slightly
increased for steel samples tempered at 450°C, but
a significant increase in crack growth rates was
found for specimens tempered at 500°C, 550°C,
and 600°C. Isothermally heat-treated steel samples
demonstrated a lower crack growth rate when
subjected to maximum stress. Figure 13 further
demonstrates that crack growth rates for steel
samples tempered at 400 C and 450 C were
marginally reduced while maximum stresses were
raised, but crack growth rates for steel samples
tempered at 500, 550, and 600 °C temperatures
were decreased as maoximum stressors were
increased.

——400 °C =450 °C
~-500°C 550 °C
9.00E-04 =600 'C Iso. H. T. at 830 °C
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0.00E+00

600 700 800 800 1000
Maximum stress (Gmax.), MPa

Figure 12 Shown the relation between stress failure vs
crack length rate

4.0 CONCLUSION

AlISI 5160 leaf spring steel samples tempered at
temperatures of 400, 450, 500, 550, and 600 °C, as
well as isothermally heat- treated steel samples at
830 °C were tested by rotating bending fatigue
apparatus to examine the effect of tempering
heat treatment temperatures as well as the
influence  of  isothermal heat  freatment
temperature on the behavior of fatigue properties
of AISI 5160 leaf spring steel led to the following
conclusions.

For all leaf steel samples tempered at 400 to 600
°C temperatures, the Rockwell hardness values of
AISI 5160 steel samples reduced from 62 HRC to 51
HRC. For isothermally freated steel samples at 830
°C, the Rockwell hardness values of AlSI 5160 leaf
spring steel samples enhanced fo 65 HRC. The
fatigue resistance of leaf spring steel samples that
tempered at 400 to 450°C temperatures exhibited
a modest drop. The fatigue resistance of leaf spring
steel samples tempered at temperatures ranging
from 500°C to 600 °C drastfically reduced. The
fatigue resistance of isothermally heat-treated leaf
spring steel samples was much higher than that of
steel samples tempered at 400, 450, 500, 550, and
600 °C.

For samples tempered at 400 to 450 °C
temperatures, the crack growth rates da/dN
marginally reduced from 1.12 x10¢ to 2. x10°. For
samples treated at temperatures ranging from 500
to 600 °C, crack growth rates da/dN rose
significantly from 1.18 x108 to 2.02 x107. At a
temperature of 830 °C, isothermally heat-treated
samples showed a significant reduction in crack
growth rates of 5.3x10°0. For both tempered and
isothermally heat-treated samples, the crack
length increased as the number of cycles to failure
increased. For steel specimens tempered at
temperatures ranging from 400 to 450 °C, crack
lengths rose marginally, but crack growth rates
increased dramatically for samples tempered at
500°C, 550°C, and 600°C temperatures. Steel
samples that were isothermally heat treated at 830
°C had shorter crack lengths than steel samples
that were tempered at 400, 450, 500, and 600 °C
temperatures.

The results of analyzing and calculating the
fatigue crack growth rate with the crack length
showed an increase in the crack growth rate of the
whole when the revision temperature was
increased more than 400 °C, but it decreased
significantly at the isothermal heat freatment
temperature 830 °C. For steel samples treated at
temperatures ranging from 500 to 600 °C, the crack
growth rates da/dN rose somewhat with maximum
stress. With an increase in steel sample tempering
temperatures from 500 °C to 600 °C, a substantial
big rise in crack growth rates da/dN with maximum
stress was found. Maximal stress, isothermally heat-
tfreated steel samples at 830 °C showed decreased
crack growth rates da/dN.



23 Jamal Nayief Sultan et al. / Jurnal Teknologi (Sciences & Engineering) 85:3 (2023) 15-24

Conflicts of Interest

The author(s) declare(s) that there is no conflict of
interest regarding the publication of this paper.

Acknowledgment

This paper was supported by the mechanical
engineering and strength of materials research
program in the Northern Technical University/ Iraqg/
Technical Institute Mosul/Iraqg. (No. 2022-00133).

References

[1]  Zhi Tong, Guijuan Zhou, Wenyue Zheng, Haining Zhang,
Hongyu Zhou, and Xiaoran Sun. 2022. Effects of Heat
Treatment on the Microstructure and Mechanical
Properties of a Novel H-Grade Sucker Rod Steel. Journal of
Metals. 12(294): 1-10.

Doi.org/10.3390/met12020294.

[2]  Rushikesh, S. Pande, Dhangaiji, R. Jadhav, C. S. Kodarkar.
2017. Fatigue and Design Analysis of Multi Leaf Spring.
International Journal of Innovative Research in Science,
Engineering and Technology. 6(5): 2061-9069.
Doi:10.15680/1JIRSET.2017.0605104.

[3] B. Zuzek, M. Sedlacek, B. Podgornik. 2015. Effect of
Segregations on Mechanical Properties and Crack
Propagation in Spring Steel. Frattura ed Integrita
Strutturale. 34: 160-168.

Doi: 10.3221/IGF-ESIS.34.17.

[4]  Danilo Borges Villarino de Castro, Jaime Milan Ventura,
Cassius Olivio Figueiredo Terra Ruckert, Dirceu Spinelli.,
Waldek Wiadimir Bose Filho. 2010. Influence of
Phosphorus  Confent and  Quenching/Tempering
Temperatures on Fracture Toughness and Fatigue Life of
SAE 5160 Steel. J. Materials Research. 13(4): 445-455.
Doi.org/10.1590/S1516-14392010000400005.

[5]  A.Reguly, T. R. strohaecker, G. krauss, and D. K.matlock.
2004. Quench Embrittlement of Hardened 5160 Steel as
a Function of Austenitizing Temperature. J. Metallurgical
and Materials Transactions. 35a: 153-162.

Doi: 10.1007/511661-004-0118-4.

[6] R. D. Lépez-Garciaa, F. A. Garcio-Pastorb, A.
Maldonado-Reyesa, M. A. Jimémez-Gémeza, J. A.
Rodriguez-Garcia. 2019. Analysis of the Effect of
Immersion Rate on the Distortion and Residual Stresses in
Quenched SAE5160 Steel using FEM. J. of Materials
Research and Technology. No.921.

Doi: 10.1016/j.jmrt.2019.09.024.

[71  Oskari Haiko, Sakari Pallaspuro, Tommi Liimatainen.
2019. The Effect of Tempering on the Microstructure and
Mechanical Properties of a Novel 0.4C Press-Hardening
Steel. Appl. Sci. 9(4231): 1-16.
Doi.org/10.3390/app9204231.

[8]  Ruhi Yesildal. 2018. The Effect of Heat Treatments on the
Fatigue Strength of H13 Hot Work Tool Steel Distributed
under a Creative Commons CC BY ILicense. 1-13.
Doi:10.20944/preprints201812.0226.v1.

[?]1  Murathan Soner, Metin Tanoglu, Nilay Guven, Mustafa
Karaagac, Rasim Akyali, Ozay Aksoy, Tolga Erdogus,
and Ahmet Kanbolat. 2018. Design and Fatigue Life
Comparison of Steel and Composite Leaf Spring. SAE
Technical Paper. Izmir Institute of Technology.

Doi: 10.4271/2012-01-0944.

[10] Rania Adwan, Ekhlas Edan Kader, Lutfi Yousuf Zedan.
2021. Experimental Analysis of Composite Materials Leaf
Spring Used in Automotive. J. Diyala Journal of
Engineering Sciences. 14(4).

Doi: 10.4028/www .scientific.net/ AMM.663.83.

[11]  Mouleeswaran Senthil Kumar, Sabapathy Vijayarangan.
2007. Analytical and Experimental Studies on Fatigue
Life Prediction of Steel and Composite Multi-leaf Spring

[12]

(13]

(14]

[13]

[16]

(17]

(18]

[19]

(20]

(21]

(22]

(23]

[24]

(23]

[26]

for Light Passenger Vehicles Using Life Data Analysis. J.
Materials Science. 13(2): 141-146.
Doi.org/10.24237/djes.2021.14403.

Xue Han, Gary Barber, Zhenpu Zhang, Bingxu Wang,
Jian Zhu, Jing Shi, Xichen Sun. 2018. Austenite-Bainite
Transformation Kinetics in Austempered AISI 5160 Steel.
European Scientific Journal. 14(12).

Doi: 10.19044/es5).2018.v14n12p1.

Anton Sudiyanto, Eko Pujiyulianfo. 2021. The Effect of
Varying Quenching Media on Cooling Time and
Microstructures of Leaf Spring Steel AISI 5160. AIP
Conference Proceedings. 2363(1).
Doi.org/10.1063/5.0066030.

Bojan Podgornik, Vojteh Leskoviek, Matjaz Godec,
Bojan Senci¢. 2014. Microstructure Refinement and Its
Effect on Properties of Spring Steel. J. Materials Science
and Engineering. 599: 81-86.

Doi: 10.1016/j.msea.2014.01.054.

Mustafa Karaagac, Murathan Soner, Alper Togay, Aylin
Keskin, Selcuk Yildiz, Erdogan Tekin, Ahmet Kanbolat.
2018. Decarburization Effects on Fatigue Behavior of
Leaf Spring Material. International by Big Ten Academic
Alliance.

Doi: https://doi.org/10.4271/2013-01-0392.

Claudia, E. Flores De la Rosa, M. Herrera-Trejo, Manuel
Castro-Roman, Eddy  Alfaro. 2016. Effect of
Decarburization on the Residual Stresses Produced by
Shot Peening in Automotive Leaf Springs. Journal of
Materials Engineering and Performance. 25(7).

Doi: 10.1007/s11665-016-2132-2.

Dejun, Li, D. Anghelina,D. Burzic, J. Zamberger, R.
Kienreich, H. Schifferl, W. Krieger, E. Kozeschnik. 2009.
Investigation of Decarburization in  Spring Steel
Production Process — Part I: Experiments. J. Materials
Technology. 80(4): 298-303.

Doi.org/10.2374/SRI08SP069.

Sheng-Guan Qu, Ya-Long Zhang, Fu-Qiang Lai and
Xiao-Qiang Li. 2018. Effect of Tempering Temperatures
on Tensile Properties and Rotary Bending Fatigue
Behaviors of 17Cr2Ni2MoVNb Steel. Metals. 8(507): 1-11.
Doi: 10.3390/met8070507.

Li, Y. Q. 2018. Effect of Tempering Temperatures on
Tensile Properties and Rotary Bending Fatigue Behaviors
of 17Cr2Ni2MoVNDb Steel. Metals. 8(07): 1-11.
Doi.org/10.3390/met8070507.

Qingyan Zhu, Peng Zhang, Xingdong Peng, Ling Yan
and Guanglong Li. 2021. Fatigue Crack Growth
Behavior and Fracture Toughness of EH36 TMCP Steel.
Materials (Basel). 14(21): 662.

Doi: 10.3390/ma14216621.

Lara, A., Picas, I. and Caosellas, D. 2013. Effect of the
Cutting Process on the Fatigue Behaviour of Press
Hardened and High Strength Dual Phase Steels. J.
Mater. Process Technol. 213: 1908-19.
Doi.org/10.1016/j.jmatprotec.2013.05.003.

Sergi Pararedaa, Daniel Casellasa, David Frometa,
Marc Martinez, Antoni Lara, Anna Barrero, Jaume
Pujante. 2020. Fatfigue Resistance of Press Hardened
22MnB5  Steels. International Journal of  Fatfigue.
130(105262): 1-10.
Doi.org/10.1016/].ijffatigue.2019.105262.

Pessard, E., Abrivard, B., Morel, F., Abroug, F. and
Delhaye, P. 2014. The Effect of Quenching and Defects
Size on the HCF Behaviour of Boron Steel. International
Journal of Fatigue. 68: 80-89.
Doi.org/10.1016/].ijfatigue.2014.06.002.

Qingyan ZhuPeng, Zhang Xingdong, Guanglong Li.
2021. Fatigue Crack Growth Behavior and Fracture
Toughness of EH36 TMCP Steel. Materials. 14(21): 6621.
Doi: 10.3390/ma14216621.

Lara, A., Roca, M., Parareda, S., Cuadrado, N., Calvo, J.
and Casellas, D. 2018. Effect of Sandblasting on Low
and High-Cycle Fatigue Behaviour after Mechanical
Cutting of a Twinning-Induced Plasticity Steel. MATEC
Web of Conferences. 165: 18002.
Doi.org/10.1051/matecconf/201816518002.

Emad Toma Karash. 2014. The Effect of Stress Ratio on
Fatigue Threshold of Crak in Mode (l). Al-Qadisiyah Journal


https://doi.org/10.1590/S1516-14392010000400005
http://dx.doi.org/10.1007/s11661-004-0118-4
https://doi.org/10.3390/app9204231
https://doi.org/10.4271/2013-01-0392
https://doi.org/10.2374/SRI08SP069
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhu%20Q%5BAuthor%5D&cauthor=true&cauthor_uid=34772146
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20P%5BAuthor%5D&cauthor=true&cauthor_uid=34772146
https://www.ncbi.nlm.nih.gov/pubmed/?term=Peng%20X%5BAuthor%5D&cauthor=true&cauthor_uid=34772146
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yan%20L%5BAuthor%5D&cauthor=true&cauthor_uid=34772146
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20G%5BAuthor%5D&cauthor=true&cauthor_uid=34772146
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8585467/

24

[27]

[28]

[29]

[30]

[31]

[32]

Jamal Nayief Sultan et al. / Jurnal Teknologi (Sciences & Engineering) 85:3 (2023) 15-24

of Engineering Sciences. 7(4): 187-200.

Sergi Parareda, Antoni Lara, Henrik Sieurin, Héber
D’Armas, Daniel Casellas. 2018. Increasing Fatigue
Performance in AHSS Thick Sheet by Surface
Treatments. MATEC Web of Conferences. 165(22015): 1-
6.

Doi.org/10.1051/matecconf/201816522015.

A. A. Zainulabdeen, N. Y. Mahmood and J. H.
Mohmmed. 2018. The Effect of Polymeric Quenching
Media on Mechanical Properties of Medium Carbon
Steel. IOP Conf. Series: Materials Science and
Engineering. 454: 1-8.

Doi: 10.1088/1757-899X/454/1/012053.

tawrynowicz, Z. 2016. Kinetics of the Bainite
Transformation in  Austempered Ductile Iron ADI.
Advances in Materials Science. 16(2): 47-56.
Doi:10.1515/adms-2016-0008.

Jie Zhang, She-ming Jiang, Qi-fu Zhang, Chang-sheng
Liu. 2016. Effect of Temperature on Microstructure and
Formability of Al-10 mass% Si Coatings. International
Journal of Iron and Steel Research. 23(3): 270-275.
Doi.org/10.1016/S1006-706X(16)30044-9.

Weikang Lian, Jinchang Duan, Qianting Wang, Junhao
Dong, Qiong Liu, Chen Lin and Yisheng Zhang. 2021.
Influence of Multi-Step Heating Methods on Properties
of Al-Si Coating Boron Steel Sheet. Coatings. 11: 164.
Doi.org/10.3390/coatings11020164.

Fares, M. L., Athmani M., Khelfaoui, Y., ef al. 2012. An
Investigation into the Effects of Conventional Heat
Treatments on Mechanical Characteristics of New Hof
Working Tool Steel. Material Science Engineering. 28:
012-042.

Doi: 10.1088/1757-899X/28/1/012042.

(33]

(34]

[33]

[34]

(371

(38]

M. Hawryluk, Andrzej Dolny, Stanistaw Mrozifiski. 2017.
Low Cycle Fatigue Studies of WCLV Steel (1.2344) used
for Forging Tools to Work at Higher Temperatures.
Archives of Civil and Mechanical Engineering. 18(2):
465-478.

Doi: 10.1016/j.acme.2017.08.002.

Jamal Nayief Sultan, Emad Toma Karash, Tarig Khalid
Abdulrazak, Mohammad Takey Elias Kassim. 2022. The
Effect of Multi-Walled Carbon Nanotubes Additives on
the Tribological Properties of Austempered AISI 4340.
Journal Européen des Systemes Automatisés. 55(3): 387-
396.

Doi: 10.18280/jesa.550311.

Jamal Nayief Sultan. 2013. Effect of Austenizing and
Tempering Heat Treatment Temperatures on the
Fatigue Resistance of Carburized 16MnCr 5 (ASTM 5117)
Steel. Tikrit Journal of Engineering. 20(4): 1-10.

Doi: 10.25130/tjes.20.4.01.

Moayad Abdullah Mohammad, Jamal Nayief Sultan,
Suhaila Younis Hussain, George Matti Hanosh. 2014.
Effect of Nickel Coating on Fatigue Resistance of
Carburized AISI 301 Stainless Steel. Engineering and
Technology Journal. 32(1): 13-23.

J. Zhu, C. Yang, Y. Jiang, X. Xu, M. Ou. 2016. Influence of
Tempering Temperature on  Microstructure  and
Properties of 60Si2CrVAT Spring Steel. Heat Treatment of
Metals Journal. 2016(03): 54-57.

DOI: 10.1016/j.acme.2017.08.002.

Q. Xu, Weijun Hui, Beijing Jiao Tong, J. Long, M. Liang, H.
Chen. 2012. Effect of Tempering Temperature on High-
Cycle Fatigue Properties of 60Si2MnA Spring Steel.
Jinshu Rechuli/Heat Treatment of Metals. 37(8): 12-17.


https://www.researchgate.net/profile/Jamal-Sultan
http://dx.doi.org/10.25130/tjes.20.4.01

