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Abstract This article examines the impact of various factors on the fatigue strength of spring steel and explores
methods to enhance it. In this regard, both basic and modern methods are investigated and compared, including
reducing the size of inclusions, decreasing the grain size, minimizing the depth of decarburization, improving the
surface quality, and achieving a desirable microstructure through heat treatment. Regarding the fatigue strength of
spring steel, the microstructures of tempered martensite or fine bainite are used in the industry. Experimental

Keywords: > h - - - o .
Spr)i/r\:\gla Steel results indicate that the multi-phasing of spring steel, from the microstructures of tempered martensite, fine bainite,
Fatigue, ’ and retained austenite, through Q&P and Q&B heat treatment methods or a combination of these two, yields the

Physical Properties,
Mechanical Properties,
Heat Treatment

optimal micro-alloy microstructure for spring steel. The evaluation methods include analyzing different
microstructures resulting from heat treatment and reducing the size of non-metallic inclusions in steel. The
experimental results further demonstrate that when the steel is clean (free of inclusions), the microstructure plays

a dominant role in enhancing the fatigue life.
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1. INTRODUCTION

Despite the continuous evolution of material families
of new engineering materials, advanced high-strength
steel remains one of the most reliable, widely used, and
important  engineering  materials  with  diverse
applications and low manufacturing cost for industrial
(Khajesarvi et al., 2024 ; Panahi et al., 2011).

For many engineering structures, fatigue resistance
is a consideration during design. High-cycle fatigue of
metal components refers to their sudden elastic fracture
when subjected to alternating mechanical stress. Fatigue
results in a brittle fracture without severe deformation in
the specimen (Dieter et al., 1976 ; Stephens et al., 2000;
Schijve et al., 2003).

Cyclic || Crack ly| Microcrack || Macro crack || Final
slip | [nucleation growth growth failure
< Initiation period ><Crack growth period >
Kl ) K ch
Stress concentration Stress intensity Fracture
factor factor toughness

Figure 1. Different stages of fatigue life and related factors
(Schijve et al., 2003).

The main design tool for predicting the fatigue
strength is the S-N curve. However, generating S-N
curves is inherently time-consuming, often requiring a
large number of samples that are expensive. One of the
most common applications of this test is predicting
fatigue life in spring steels (Motte et al., 2024). Spring
steels are a group of alloy steels that contain elements,
such as silicon, manganese, chromium, vanadium, and
molybdenum. They exhibit high yield strength, good

Ductility, and a unique ability to undergo plasticity and
heat treatment (Burgul et al., 2014).

2. BACKGROUND
One of the important discussions in spring steels is

the increase in fatigue strength due to dynamic loads
over long periods. The following factors are significant:

e  Effects of hardness, tensile strength, and

ultimate tensile strength (UTS)
e  Effects of microstructure on strength
e  Effects of non-metallic inclusions in steel

2-1- The effect of hardness and strength on fatigue
Test methods to determine the tensile strength of a
material are destructive in nature. Therefore, non-
destructive methods for estimating tensile properties,
especially yield strength and tensile strength, have been
the focus of process engineers. An equation that relates
tensile strength (TS) and hardness (H) to strain-hardness
coefficient (n) is given as formula 1 (Njoku et al., 2019):

5= (%) (0.21117) )2 M

To predict the fatigue life of metals, the most suitable
method for research studies is the Murakami’s
relationship. The relationship applies when HV<400 and
when the steels are free of defects (Murakami et al.
2019):
ow = 0.50yrs Or 1.6HV 2)

Therefore, the higher strength and hardness of steel,
the higher the fatigue limit.

2-2- The influence of non-metallic inclusions on
fatigue

Predicting the fatigue limit of steels in the presence
of inclusions has been a long-term need for engineers
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across various industries. When steel failure is caused
by defects or the presence of non-metallic impurities, the
following relationship is used to determine the fatigue
limit.

0w = A X (Hy + 120)/(Varea) /s 3)

In this formula, v/ area represents the imaged area of
the defect, perpendicular to the applied stress. The
constant A depends on the position of the inclusion and
falls into the following three states (Stephens et al.
2000; Murakami et al., 2019):

e Surface inclusions: A = 1.43

e  Subsurface inclusions: A = 1.41

e Internal inclusions: A = 1.56

2-3- Microstructure effect on fatigue

Fatigue limit (FL) is influenced not only by test
conditions and sample states_ such as the type of applied
force, average stress, test temperature, sample size and
shape, and sample surface condition_ but also by
metallurgical variables, including hardness, Strength,
grain size, and microstructure. Under the same test
conditions, the FL of a material depends more on the
strength and hardness of the microstructure. The
relationship between mechanical properties and fatigue
limit (FL) of medium-carbon steels with different
microstructures and tensile properties is as follows:

FL=154H, + 189 (4)
FL =0.55UTS + 134 )
In this regard, it can be concluded that

microstructures with higher strength (such as Martensite
and Bainite) exhibit a higher fatigue limit compared to
softer microstructures (such as Ferrite, Pearlite, and
Austenite) (Park et al., 2017).

3. RELATED WORKS

The effect of different temperatures on the
microstructure and mechanical properties during the
austempering process was investigated in 60Si2CrVNb
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spring steel by Yunchao Li et al. (Li et al., 2024). The
results indicate that after austempering heat treatment,
the microstructure of 60Si2CrVNb spring steel consists
of a multi-phase microstructure, including Martensite,
Bainite, and Retained Austenite. As the austempering
temperature increases, the volume fraction of martensite
gradually decreases, while the amount of bainite phase
increases significantly. The ratio of Retained Austenite
(RA) initially increases and then decreases slightly.
Figure 2 presents a summary of this research.

The difference between QT and SAT heat treatment
cycles on the fatigue strength of 54SiCr6 spring steel has
been investigated by Prochazka et al. (Prochézka et al.
2023). High-strength steels, such as 54SiCr6 spring
steel, traditionally undergo Quench and Temper (QT)
process; however, they can be processed using the
Strain-Assisted Temper (SAT) heat treatment cycle to
achieve a steel with higher strength. The absorption of
strain energy ratio depends on the elastic limit, making
this steel a promising material for spring applications,
particularly in the automotive industry. Table 1 presents
the results of his experiments: The difference in the
microstructure obtained in two heat treatment cycles,
QT and AT, and their effect on the fatigue strength of
spring steel AISI 54SiCr6 is discussed in Min Soo etal.'s
report (Suh et al., 2022). In this study, the microstructure
of martensite and tempered martensite in the QT heat
treatment cycle was compared to the microstructure of
martensite and bainite in the AT cycle. In the QT cycle,
the main concern is hydrogen embrittlement in the
strengthening mechanism. Therefore, if the tempered
microstructure of spring steel can be replaced by a
duplex bainite microstructure, it would be highly
beneficial in developing products with high strength and
long service life. In the QT cycle, the main problem is
the discussion of hydrogen embrittlement in the
strengthening mechanism; Therefore, if the tempered
microstructure of spring steel can be replaced by the
duplex bainite microstructure, it will be very useful in
developing products with high strength and long life
(see Table 2).
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Figure 2. (a) volume fraction of each phase and (b) schematic diagram of the phase strength (Li et al., 2024).

Table 1. Tensile test results obtained in 2 different modes of heat treatment (Prochézka et al., 2023).

RA EL UL YS YS E Temp Heat

(%) (%) (%) (MPa) (MPa) (MPa) (°C) Treatment
286+16 | 7.8+04 | 25+01 | 2130.2+3.4 1875.2 + 35 202.4 3.1 23 QT
14+£37 | 28+04 | 07+01 | 2433.7+13 2397.7 £8.4 2015+ 3.5 23 SAT
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Table 2. Comparison of tensile test results for spring steel in heat treatment conditions (AT and QT) (Suh et al., 2022).

Yield Strength , 0.2% (MPa) Tensile Strength (MPa) Specimen
527 992 AR
1682 1824 AT
1612 1732 QT

Abareshi and his colleagues investigated the effect
of retained austenite properties on the fatigue behavior
and tensile properties of TWIP steel. The main objective
of their study was the influence of the volume of retained
austenite formed at different AT temperatures. As the
austempering temperature decreases, the retained
austenite volume fraction increases while the carbon
content of this phase decreases. As a result, increasing
the volume of retained austenite improves the tensile
strength of steel, ductility, and fatigue behavior of TRIP
steels (Abareshi et al., 2011).

Calderdn et al. (de Diego-Calderén et al., 2015)

investigated the effect of microstructure on the fatigue
behavior of high-strength advanced steels produced
through quenching and partitioning, as well as the role
of retained austenite. According to his research,
increasing the content of retained austenite improves the
fatigue limit of Q&P steels. This improvement is
attributed to to the delay of crack propagation caused by
the austenite-martensite phase transformation. In
addition, finer RA grains are more stable compared to
the larger grains, hence an increase in the fatigue life of
Q&P steels. The ability to enhance fatigue life is then
linked to strengthening of grain/interphase boundaries.

4. CONCLUSION

The purpose of this article is to present the required
theoretical knowledge and documented research history
to conduct new research on increasing the fatigue life of
spring steels.

Regarding the previous studies aimed at improving
the fatigue life of spring steels, one key factor is the
retained austenite volume fraction obtained in the steel,
which results from heat treatment cycles such as Q&P,
Q&P, and AT. Although retained austenite is the softest
phase in the microstructure of micro-alloy steel, it plays
acrucial role in the fatigue resistance. Retained austenite
increases the toughness and ductility of the steel while
causing a loss of strength. If the carbon content in the
remaining austenite increases and this phase becomes
stable, the hardness and strength decrease, while if this
phase transforms into martensite and the steel carbon
increases, the strength also increases. In short, to
enhance the fatigue strength of steel, the following two
parameters are effective:

e  Type of heat treatment cycle to achieve optimal
microstructure

e  Amount and size of inclusions (steel cleaning)

The higher the hardness/strength of the steel
microstructure_ such as martensite or bainite phases_
the higher its fatigue strength compared to softer phases
like ferrite, pearlite, and austenite. Conversely, if the
inclusions are deep within the steel or partially embeded,

they have less effect than surface and subsurface
inclusions.

5. ACKNOWLEDGEMENT
This research was financially supported by Esfahan’s
Mobarakeh Steel Company (Contract Nr. 48565806).

REFERENCES

1. Abareshi, M., & Emadoddin, E. (2011). Effect of retained
austenite characteristics on fatigue behavior and tensile
properties of transformation induced plasticity steel.
Materials & Design, 32(10), 5099-5105.
https://doi.org/10.1016/j.matdes.2011.06.018

2. Burgul, S. (2014). Literature Review on Design, Analysis
and fatigue life of a mechanical spring. International
Journal of Research In Aeronautical and Mechanical
Engineering, 2, 76-83. http://dx.doi.org/10.5958/2455-
7110.2016.00002.1

3. de Diego-Calderén, 1., Rodriguez-Calvillo, P., Lara, A.,
Molina-Aldareguia, J. M., Petrov, R. H., De Knijf, D., &
Sabirov, |. (2015). Effect of microstructure on fatigue
behavior of advanced high strength steels produced by
quenching and partitioning and the role of retained
austenite. Materials Science and Engineering: A, 641, 215-
224, http://dx.doi.org/10.1016/j.msea.2015.06.034

4. Dieter, G. E., & Bacon, D. (1976). Mechanical metallurgy
(Vol. 3, pp. 43-53). New York: McGraw-Hill
https://stu.westga.edu/~bthibaul/MEDT%207477-
Cooper/Calibre%20L ibrary/Dieter_%20George%20Ellw
ood/Mechanical%20metallurgy%20(13)/Mechanical%20
metallurgy%20-%20Dieter %20George%20EIlIwood.pdf

5. Khajesarvi, A., Ghasemi Banadkouki, S. S., Somani, M.
C., Komi, J., & Sajjadi, S. A. (2024). Investigation of
Micromechanical Properties of Martensite and Ferrite
Microphases in a 35CHGSA Medium-Si Low-Alloy Steel.
steel  research  international,  95(3), 2300624.
https://doi.org/10.1002/srin.202300624

6. Li, Y. Wang, E., Zhang, L., Zhao, X., Gao, R., & Zhu, W.
(2024).  Ultra-high  strength and high ductility
60Si2CrVVNb spring steel with multiphase microstructure
controlled by austempering. Journal of Materials Research
and Technology, 30, 5855-5868.
https://doi.org/10.1016/j.jmrt.2024.05.018

7. Motte, R., & De Waele, W. (2024). An Overview of
Estimations for the High-Cycle Fatigue Strength of
Conventionally Manufactured Steels Based on Other
Mechanical. Properties. Metals, 14(1), 85.
https://doi.org/10.3390/met14010085

8. Murakami, Y. (2019). Metal fatigue: effects of small
defects and nonmetallic inclusions. Academic Press.
https://shop.elsevier.com/books/metal-fatigue-effects-of-
small-defects-and-nonmetallic-inclusions/murakami/978-
0-12-813876-2

9. Njoku, R. E., Ocheri, C., Okuu, J. C., & Nnamchi, P. S.
(2019). Empirical relationship between hardness and
tensile strength for medium carbon steel quenched in
different. media. Journal of Material Science &
Engineering, 8, 547.
https://www.hilarispublisher.com/open-access/empirical-
relationship-between-hardness-and-tensile-strength-
formedium-carbon-steel-quenched-in-different-media.pdf

10. Panahi, N., Afshar, M. R., & Adelkhani, H. (2021). The
Effect of 304 Stainless Steel Substrate Surface Preparation
Method on Coating Process of Polypyrrole/Polyaniline



https://doi.org/10.1016/j.matdes.2011.06.018
http://dx.doi.org/10.5958/2455-7110.2016.00002.1
http://dx.doi.org/10.5958/2455-7110.2016.00002.1
http://dx.doi.org/10.1016/j.msea.2015.06.034
https://stu.westga.edu/~bthibau1/MEDT%207477-Cooper/Calibre%20Library/Dieter_%20George%20Ellwood/Mechanical%20metallurgy%20(13)/Mechanical%20metallurgy%20-%20Dieter_%20George%20Ellwood.pdf
https://stu.westga.edu/~bthibau1/MEDT%207477-Cooper/Calibre%20Library/Dieter_%20George%20Ellwood/Mechanical%20metallurgy%20(13)/Mechanical%20metallurgy%20-%20Dieter_%20George%20Ellwood.pdf
https://stu.westga.edu/~bthibau1/MEDT%207477-Cooper/Calibre%20Library/Dieter_%20George%20Ellwood/Mechanical%20metallurgy%20(13)/Mechanical%20metallurgy%20-%20Dieter_%20George%20Ellwood.pdf
https://stu.westga.edu/~bthibau1/MEDT%207477-Cooper/Calibre%20Library/Dieter_%20George%20Ellwood/Mechanical%20metallurgy%20(13)/Mechanical%20metallurgy%20-%20Dieter_%20George%20Ellwood.pdf
https://doi.org/10.1002/srin.202300624
https://doi.org/10.1016/j.jmrt.2024.05.018
https://doi.org/10.3390/met14010085
https://shop.elsevier.com/books/metal-fatigue-effects-of-small-defects-and-nonmetallic-inclusions/murakami/978-0-12-813876-2
https://shop.elsevier.com/books/metal-fatigue-effects-of-small-defects-and-nonmetallic-inclusions/murakami/978-0-12-813876-2
https://shop.elsevier.com/books/metal-fatigue-effects-of-small-defects-and-nonmetallic-inclusions/murakami/978-0-12-813876-2
https://www.hilarispublisher.com/open-access/empirical-relationship-between-hardness-and-tensile-strength-formedium-carbon-steel-quenched-in-different-media.pdf
https://www.hilarispublisher.com/open-access/empirical-relationship-between-hardness-and-tensile-strength-formedium-carbon-steel-quenched-in-different-media.pdf
https://www.hilarispublisher.com/open-access/empirical-relationship-between-hardness-and-tensile-strength-formedium-carbon-steel-quenched-in-different-media.pdf

A. Maleki et al / Journal of Advanced Materials and Technologies (JAMT): Vol. 14, No. 1, (Spring 2025), 1-27

11.

12.

13.

14.

15.

Conductive  Polymers and Corrosion Resistance
Improvement. Journal of Advanced Materials and
Tech., 10(2), 33-44. [In Persian].
https://doi.org/10.30501/jamt.2021.244156.1117

Park, S. H., & Lee, C. S. (2017). Relationship between
mechanical properties and high-cycle fatigue strength of
medium-carbon  steels.  Materials  Science  and
Engineering: A, 690, 185-194.
https://doi.org/10.1016/j.msea.2017.02.080

Prochazka, R., Stehlik, A., Kotous, J., Salvetr, P., Bucki,
T., Stransky, O., & Zuli¢, S. (2023). Fatigue properties of
spring steels after advanced processing. Materials, 16(9),
3327. https://doi.org/10.3390/mal6093327

Schijve, J. (2003). Fatigue of structures and materials in
the 20th century and the state of the art. International
Journal of fatigue, 25(8), 679-702.
https://doi.org/10.1016/S0142-1123(03)00051-3
Stephens, R. I., Fatemi, A., Stephens, R. R., & Fuchs, H.
0. (2000). Metal fatigue in engineering. John Wiley &
Sons. ISBN: 978-0-471-51059-8.
https://www.wiley.com/en-
us/Metal+Fatigue+in+Engineering%2C+2nd+Edition-p-
9780471510598

Suh, M. S., Nahm, S. H., Suh, C. M., & Pyun, Y. S. (2022).
VHCF, Tribology Characteristics and UNSM Effects of
Bainite and Martensite Spring Steels. Metals, 12(6), 901.
https://doi.org/10.3390/met12060901



https://doi.org/10.30501/jamt.2021.244156.1117
https://doi.org/10.1016/j.msea.2017.02.080
https://doi.org/10.3390/ma16093327
https://doi.org/10.1016/S0142-1123(03)00051-3
https://www.wiley.com/en-us/Metal+Fatigue+in+Engineering%2C+2nd+Edition-p-9780471510598
https://www.wiley.com/en-us/Metal+Fatigue+in+Engineering%2C+2nd+Edition-p-9780471510598
https://www.wiley.com/en-us/Metal+Fatigue+in+Engineering%2C+2nd+Edition-p-9780471510598
https://doi.org/10.3390/met12060901

\-YV L(\i'i)l.@.:) c\ 0)wc\i 092 4.:.9)..:..__:_ 6@6\)}@})‘}AOM

ﬁém QSL“LSJJL"}J"J"‘ MM

Journal Homepage: www.jamt.ir

& & &
Susls ’//;K-/."/?

R S50 s
jédua\ijéﬁéfw‘ﬁﬁy Jolse o
réﬁu,&ﬁ“wuébu%ﬂnﬁy

Il a5 035 olSals o5y oo 5 530 pkigo 05,5 o553 (& azeiiils]

Ol 35 e o823 55y oo 5 3 g0 pwcligo 08,5 iy e s Oidms (golSCiils lLuiils”

tj/,://‘)j:’ =3 aL{i.;/) ‘ij)j’/[:"’J J(}A u’w'("{" aj;%;j)j/[;dj Jlzs L;a.,l.{..i.f/) ;.)/.Cw/r

mj.p_,m;’-&i\)é.wlﬁz‘yﬁﬁ}f&d\zﬁuﬁr(gja@buay.a:'-)JJi.aj};wl e.\.&
Sl s dul s ey S5 Ges SEalS (S, adl ple a8 s g s wlad gla s,

éa)Q)> .L}J:L;a d.a.._v'u.a} IR L;)\)?- C)L:.Lo& )\ L;/JLJ kg u‘}Uaa )L"a'-LwJ'.uj Lfv.la-w C,.*S

lis gazesy U
VEY/ VNN sl o
VEYN Y 1 S50

VE L/ VY ks

J}.Z&A oalail J:iLi Clew L.’. a.,\.j:j?aj &:Ai).\:)LA )Lﬁ}l.wﬁ) )\ 5}1}4.3 [TSBE SV J,...B éy)ﬁ ¢_<:.~.‘> ng:d\ :Uﬁajb.\:ls
5 32 i ek el e sl Sl SV 00 (3l S s 0L bl b TR
- ‘s SO
Ll sy i ooy 93 2l 3l S5 LQ&B 5 Q&P il >~ Slles o Sy 55 ol 3L il .
el i s 92l S S sl s 03 edile S ot
3 dtes Sole s s obosl gla i, sl dal Oyl w1y o Y 6l 3UTs S (Sl ol g
. . Lo T . e . Bl Z | <
A i 4 &S oYy o5l e sl Ll el s Sl Slles 51 3L 0 SUSS sla bl g Gl e
il dalt Ko es Il LI LiE
@ ttps:/idoi.org/10.30501/jamt.2025.474640.1306 https://www.jamt.ir/article_218310.html
Slaeslo 5l (ol Sl el 05 Sl (SO gl ol Asdie —)

g Ak s (Sl s aslie 4 ki
bk Gl G (e x) S S s
> BS  Ke  Lol JLSL Sl SasCs
o oS (Gl sa 53 s Ll sl Sl 5T b e
SNt S S5l a Ol S o B IS 0k
555 0 s 035 s S5 pSns Som ol 53
@ gad eSS 0 Sl 5 LS e Ay g Sy S (ge 3l
(O IS0 spdipe e Kot jas om0
S iled o o (eSS 8 g5l ol Szl cale
S Ol s K Jpks | OT eSS i
e A S5 D s 35 S 4 Sast oS

Dieter al at., 1976; Stephens et al., 2000; Schijve ) s 3

o J‘NW olalad J‘jﬂ 603‘};‘.7- r)\v\ﬁ JAL{: (,9)44

(o pskeael BB 51 S s a iy (VL TK.»:M\ S 4
E) C}.&A 6(.&34,..)[5 L dw.L@.ﬁ )l}ﬁ U’ijs{"é“ 9 u,gf.)f)ksfl
sl G\;pﬁ 0SLS s S sl el osle a5
Kolahi et al., 2024; Panahi et al., 2011 ; Khajesarvi et )

Slye pwdige So3 5> lal (al., 2024; Torkian et al., 2022;

Ol glaasls plas L3 ol Jlm 3 5 3)ls (Sl el

Mohammadzadeh etal., ) s 5.5 . el (s sl Dlipds
ol SO s ol > .(2024; Shafagati et al., 2024

Slaas 4y a5 L Jb ol el andls of a4 (golws Jle
(Lled L}}-\J‘b ;“,..\_u“"'j.a L S ‘é‘.‘f& Lgl.ﬁa‘)l.\» 9 Solalad JL_[)

ol Bolee o 285 10LIS Hlsedge

65)},“.2#}3\}‘ Lf"'\"'é" cJ; 465)}“2»‘90.,\&4 6@&4‘\: S e&iﬂb S cQ‘ﬁ‘ deJ

sghasemi@yazd.ac.ir :J\fstg


http://www.jamt.ir/
https://doi.org/10.30501/jamt.2025.474640.1306
https://www.jamt.ir/article_218310.html

A V=YV 4(\2'1)@) ) 6@)[.«.;: N So 92 wf:ﬁ 6@&)}1}3})‘)» MLLAJ/O‘J&QA}L;LGJLF

‘L)':‘“j CJ‘I_..:’:J 6m\b l) _)J‘J; Sa ‘u;.s Q‘_}x.’u" (G063 9l>es L
JJJ o J:.; A B R ‘4.....‘;5'“ JZ..J Smin Ao JZ..J SMax

(Stephens et al., ) Lsd oo acules 53 o) soas 5 Ll

2000

Sm — (SMax ': Smin) (\)

AS = Syax — Smin M

Sm = B5/x ™
Smin

R=— ()
SMax
\—R

TV+R O

60%%:J}JWUJLQ&USMS&L.>JM}~«§JAL<~A¢JL>

(v JS-Z) 55 a5 Sl g w Olg 1) C
(Schijve et al., 2003)

Mol Sas gdlsis 3 > b Lol I3 (etal., 2003
N gas xS lagsl 53 ol S=N o
S sy paie S =N i Ko L Y ame s15e 5 Shas
o8 elie Jlie 53 (8) S 25 S5 5l (sla s
(FL) S i plabs el (N) cusa b e S
el Soast Cuglie U Colinel d> Olgea uizes)
Sl osle GO 348 303 o5Lal 25 5l 4 oS (555 0
Ssd g 4SS S =N pvie 3 slse gat o Sl sl s
LS =N la o 03 S Lasin ¢l Sanst gl bl
Jmﬁdbjw;}w;@&ﬁ&ﬁf@‘
Ol 5 ols 5l ladisad Sl e 55 BB las 4 A2
oslizl 3 40 nglﬁru (Motte et al., 2024) Lo s
Pl s ol ganls i Sl s e 0030 b s

(Stephens et al., ) ol sl osls led ¥ S 55 Ol

VU)oL K Lol Lot
QL) Sk Jor 2l 4 02 (e A AS (St s gte 25 il (Gl 0 e3lizad 0 )
Cyclic || Crack | | Micro crack Macro crack | | Final
slip nucleation growth growth failure
< Initiation period > <Crack growth period >
K| . K ch
Stress concentration Stress intensity Fracture
factor factor toughness

(Schijve etal., 2003) L5, Jolse 5 Kot e 0SUS Jol e N K2

AN
p|\/ ¥ \/ Y Iow
| e “ [}

(Stephens et al., 2000) obj CddS o 5 25 e Y JSKS




\-YV c(\i'f,)l.@-:) Al 65)[.«.5 NE LR 433),.2..::3 6La6)3t5)>l)» Mu..aﬁ/&‘)&w‘g&& \

, tensile strength

400

300

200 L

.103

10%

107 10°

10° 10%
N (cycles)

(Schijve et al., 2003) SAE 4130 3UJ1.S s 303 (sl (Kot 05051 RN

3 Gk SS 53 @ e QUIS (mzmen 1
Aol (slils 3 (slasY b ¢ bk 5l Sl lles
3l 20 GVl ot Wl U s YL iS
53 53N S a3 )5 il il s sl
Gl 3l sde 4l ol slosldl 5 JE ¢l
Sl Sl ek Gl B U B S Sl Il 6l B
Lpde M5 sl g oler 53 e slagd oalels

:(Guthrie et al., 1990)

03 sl 2y5e by e Sl S ol

mbe sl L by ol s e 4 Cmio

Rl 3 e el 5 Sl Y guame Ay

S e ol s DY pame A5l b

[ PO R C e PN ST PRSP I SR PN
Llodd LIS oS o )3

3,05 513 Ol GOl w55 5 el T iiS gla s

Al S5 5y S e 3N 5 ol 4 b3kl &5

5 Ko oa 4 O Gladil oS ol 5550 4 O

Jses o5 paseie adsl (S LY same il glekols

oslinl 3y 50 55 (Glas il 3 Cunslie (sl Sl

b des ail> b oM glesl lls X,8 o 3

(ERCINC S PVEURNTS Jt e P S CO RN

ool (Gl b (09 o St A3l Np <)o F 550
daas 2 5l gsls sl (Kot 05031 53 81l 350 00
s iy min b IS Np =12 =Y (e ol 5
St e e S e Y Lol (K Saas O
N Py U R C R Fi N PN RPIFC S LW
St 4 ol pl Bl 53 ) e i sl S
s st a3 Sl Sle IS0 S b ol s
Sy mio VU gas o S oS el J sl e
St @lss3 35 bsye ssLOMS alde 53 Szl
St St &S s il Jmly Jos 2 W 545
Schijve ) el Las o ol 5L glacal 5 bjllo bl

JJ‘J beﬁ Jﬂ)ls Q}GJT gﬂ-‘ aS 63)‘}4 )‘ Lf<'l .(etal. 2003
Sl 2 clasY s s u<;*""f“'° e
53 oS dea WD glasY s 5l glares 5 glasY
ny mﬁow ‘J."é LEL"A.)Y).‘) J}J& obLE.w‘ QJW:S).A_} V.;JU‘)
GokSode slasl Ulpew s s (ol iy Olied )
andad SO gl Candge SLOL Gl p e 5 s 55
oslaial pae (95 Shas g S el VK..A BE

s S doslaat YL (..A.Lw fw\ﬁ slasVss s s

1. Compression Spring
2. Extension Springs



A \-YV 4(\£'i )L@J) ) 6@)[.«.;: N So 92 wf;ﬁ 6@&)}[}3;)‘)» MLLAJ/Q‘J&«A}}L&JP

&.go'u" 6‘_}:’ uj;ue_}.& (.SL“ui‘)) ‘L'J'.’.\th‘.’ er e
Sy 90 g S r&mﬂ* ‘jv—nol—uﬁ-’n ”“:"‘}L‘l‘“}lj‘*:’ oS u..ob:—
S Sl S lelslan o 035 il B Oltign a5
2o (M) e 55 e L L (H) e 5 (TS)

5= () () ®

G LS‘J{ oslu LSL”Q:“)) P )L:; ‘J)d)'.’.‘).‘
6‘;—3; ST LSJ.‘E§°).L'\:" L, 6;‘}[}5 d\esb a;sci "

Aol dal g Cs w0 om0 Gl i, bl Lasls 3 bl
.(Njoku et al., 2019)

ot Sl s e Gla g, Sl eslinad s b
o3l OF 51 0lg o &S s, s ol o S e
s galaly Lz Slids gla fass ol 535
o Sy Sladaly v gadaly L solas cdalSl)}o G|
SHV < fvv (gl abail S sl Q\}léﬁf;.néjw
23 S eslanad
oy = - /0ayrs Or \/sHV )

R TN PO SR VR C P P Uvd FRR VRN
.(Murakami et al., 2019)

Yoor O VL d'wzl.'ﬁHV\ 8/

600 @ VT N\ %
© 3 A AL a
% 500 A AT 8
b; 400+ ¢ /‘{ A

L A(_'j A

E 3001 /AA
Eﬁ 200 Q) V: Vacuum melting  A: Open melting
g I L.: Specimen axis in rolling direction

1001 T: Specimen axis transverse to rolling direction

| L | |
% 100 20 300 100 500

Vickers hardness HV

N5 e Gl (S ool galal; £ S
(Murakami et al., 2019)

Il 505 (gl a8 L 5 6l gl 51 (SO Nt oy (sla b
Ry PO GO e I A P S Bl
ol o b Jes) RAS 5 golis b O
S Do pl S 0 )8 A 6,0 L (RS
osbOben (358 0l o b e sl 5303 S
It (sl 3 Shas o8 3 b ol Iy OF o 51 8
A e 85
S Jgthe 3l bl s Jlakad T lsp b slad giha o
3l S s R s S sla s B
Vg e Sl e S S G S0
b Sl sl germa ol om0 S Y5 L 055
s dsde o Ll ol s gladsb 5 LS L
Sk i Jaide
e e 33 s SkS (SO ol plard S 5
Sl 2V DLl 3 oS L age Jolpe aua 5 O3
Yamada el al., 2007; Burgul ) .5 4§ a3 55 &L s 2

(et al., 2014; Abdolalipouradl et al., 2020

A Sle Y

Garw 5 Sl p (6 S Sl W @sdS glaans s

s Llas 055 Rals 4 aS e VL L L (g8 slasy

Sl 5 sV s e et S| S el el s
SYsb gladle) s (Sslys gl 5l 2L (Saes oS
el 23 S Sl Pl gl Julge 55 dal s
DY ol 5 S Pl e DG
Lol 5 e ol glakils Silsg, J
oSl 315 Koo Sl ol 3L
SV 3 3k sl e
b Sk S 5 6, Sl

s (,._\Aly Jolse ol 5l 5 aslsl 5o

Ko g oSl 5 e SNy

L LasY e e e ol r&:;:.w\ 5 e
Eale esle G o258 a8t a1 alesT sl 3,

1. Torsion Spring
2. Wire Form



V=YV L(\i'f,)Lé-.l) Al éa)w N RLPEL] wj;ﬁ 6&6}_}[}5))‘}» Mw/b‘)&wjﬂdb q

S 9 a0 b v&&ﬂl}w‘sﬁ&:ﬁmﬂj} BY
Maleki ) ol dalys (il 5l 5 55 5o sV St d>
(etal., 2024

SN XA [

Slaiss bl bV 5l (ol sliad o5 0l
5l e a5 b s (Sl s iR 0SUS
5 S el gl Jbslen, 0SUS glagl
Slg)) sy o 03 OSUS el s (Caube
2 oPl s ol 5o ol 55 (L)lS (500
534S sV (Jpll S e sl LSUT 51 axas ol
Ol 5 les slaJdssy o ,me 5o (Fa3538 Sray Wl b Jsb
S s 53 oS s a0 b oglite jly L35S 0 13
Lol sy 550nl3l 5 b e el pe LOT L Jgome Al 3
Gobtlag, duli opl dmes Spline dda 3 el
S5 sk 5 i) sl 3L Ghls 5 i b
Bajaj et) 5,2 Jolt 5 ol Yl slamil & amit
[al., 2020

Llg e sa s bl of & & (FL) S o>
gr b S gl s bl s Sbess
IS8 5 o3Il il T (slas o g2e 25 et dlasl (5 1S L
Ao Sl 0,8 IS s e Sl s G
@ils go3ll nrlb/oﬁ.vl‘ (e Ll S5l la e
ool s o sl G e s sl
s S e sl S (L) LS
A SO el g gadady syls ‘_;<:M.. Sl
s kg bk oS gbsVs (FL) (o
Pl e S Gy bl oS il 23S ol
D5l e Y et o s Sast gy 3 Cnslie 5 LS
RIPPW Y 4J€T‘-§A Cows 4 ol Olles s Lol Osls
(e V¥ 5T claala

FL = /0¥ H, + VA% ()
FL = -/60UTS + ¥ OY)

J;(yiMA SVsh jadm e el S5 gkl go b gills
5 Caile ) SV ool b ety o S

ool 5 (S p Ctia] (G813 DA 5 S -Y-Y
03 el Ll Gl ol st Sl S
el izl Gladils o3Il zalS b 5Y 5 ahax 3l dlasY o
Slkes 533V 03 S axal Oloj 5 bos (S3luaingr Go bl &S
035 J 8 5 ol 5B 0as |85 b e i S
3 Sl Sl e sl el a5 0T slawils (se5ul
sbiasy el Vs Sl e o)
(033 S axzal Oloy 5 as (g 3lwaing 45 das o OLES (glos 2.8
bl b il .l 3V 5 55 (3UT jole 5 0 S s &b
g fSod L OF L6 5 (Slsns HE gemdls
g Jal g A (gdlal,
k
vd
Caslie b il 07 o (25U il Oy calaly ol 3
AUk Ll Koda gl S > il 5o S8 S
ol ol b gllas .l €ls o3Il L ol pd 5 SWss &8
V5h (SO ol il 58 S Ladils (geslbl s s
3L el s | S i oSl L

S s Silesl S Olg e e plSoual e 5l

@

0'y5=0'i+

Slafisy Al o e S g, pl &S 5 S eslind
bt Pl 0350 (o B IS ol sl e S
Galalas . Llos g ol b Oludige a5 5550 (22S el
Clr et S L e b 23S Caglie o5 L
1ol & (gabal, S e
TS = H.k Q)
[Jnr P o ke o elige Sten 5
ST s ol oS slas¥p plg i a5 5,505
SSUS ladkaly syl sy ol Sl = Slles lav e
e 0l &l a5 e G sy sleiy )
Ol ) Cpsons poual 5 (B o alal) Jle sl
() 5V glaalal,) ol o
UTS =v/sH 0
0y = () )" o)
Sl as Jaly,y elal ol o)lil &S 4 S 0len )

S35 4 a5 wemal Glakils (go3lkl LEalS L wanl s

1. Toughness



K \-YV 4(\£'1)L@_’) ) 65)[.«.:5: N RIS L] 42.9)‘:...:.1 6@&)}[}3_})‘}4 MM/Q‘J&«A}}L&J&

e o3le 0950 Il omd 30 Com R 03,51
Wl 03 S
o, = A X (H, +\v+)/(Varea) (10)

23508 it Geld gt Cxlis Varea el ool
Gyl JT Camdge 4 Ko A Cub o Jlesl i
Stephens et al., 2000; Murakami ) s 5 Jals 5 S 4
(etal., 2019

A=V/1Y (b sbbJT o

A=1/8) (b s gladltl o

A=1/01 50l 0sys sadET o

P S 9 55 S0
g 3T e 5l Bias Sost oS 5 oS 4TSl
:(Murakami et al., 2019) .35 a3 S L s

f el (Gl S L is Ol pea CLM s QO

S ke Y K sy Kl o i (Y
CPRCCH PN 2

f@éqygﬁiﬁ;}y\.’;p}\io.&@;’bwjg \x
(Sl Jiwjx;u“ J..:}Jcb.

Sy [ i s Sl bAs b oeis (8
Hlos S anllas Oldie 51 (ol |y (elow kS
S Gas Sl 5 (S ool o gl 58 5 Joe
Re) Sl hor LT i3S ) 1 (R) (mbans L
el Sl w g h (St ol OF 534S s Sy
Sl Sl ol Al 1 st 5 GaseS (slasld
logR L k> &) yon St ol R Sl SGaes
S A sl ¢l (Murakami et al., 2019) sl Jals
35 iy a5 ATl oS g0 ¢ St plSomial sk
flf\‘b} UM o ) Gos @ gyl Wl s ofareag
5 Al VN gadail, b ilae (0 3)

(Sl 5 S ez b ) e slaslesli s 5l (e
.(Park al at., 2017) &5 s YL Saes d>

G sl s oY
i (ALl bl s s s S oS & Soles
Ll iy Sy s daler Vogaaly b gilks VKx:.wl

gl N galaly b Gillae

O-’F = k1k2k3k4k50'1: (\f.)

ch sl Plo mmdl oo =k

Slakad (g 5lL] e o o =k;

s> memeai o 5 = K3

R L

whiypr e talse ple memal oyl =k
o 5 Dlalad (g (Olabd sl

2> S ST sy 45 S 015 e IS5 sbe
F s bl S G151 eiad 5 3T slasY i ol
53 b Db cpl ol o3V sl 5 gladls S Coenl
Jbs sl Gasm/ a5 Jolss o LoV A5 sl 5 e
UK 5V 53 Clde 0553 OF 035l 5 0558 J3ly 53 O kS
Sl o g 5 S heST DS 5 sl 0T ST 55,8 e
Sms bV s Sais U 055 o i
Gl Sl Vb gadlas weils (g3l cladld
Shsl J5 G LTS S =N povw .ol os g Oludige
OLES (g o e Y55 CeSo oS 1 ol IS sl
s Al s 4 AT Lty Gkl das e
53 03 p0by 5 SIS s bl el ke Sl ot
S3VE gakaly 3 aS Jelse ( Bob 5l gd e s gdee S
53 b 5l 3,08 e it oY S s, e
AV e s, Kledd S3Y galaly 3 oS slse
5,138 s

T s b cas 5l 30 Slakad S oS Sl oJl>

1. Siebel and Gaier



\-YV c(\i'f,)L@..l) Al éa)w NE RYSEL] wj;ﬁ 6&6}_}[}5))‘}» Mw/b‘)&wjﬂdb VY

boosdoe RS S 4 ML ol (S el a3
Conal 4 Sy ol ) plIGS S Sk
Lol SKisosl e Slie Koy el (glos ol Lol
(S ol glos Sl L oS Ol5 e S e sl
s <=l§>r:we\ e 3k el (1 s e 5Ll
Slos Ll b sl sl oals 0L b IS 55 sdelsa
bl ol S e 3l plSomal i S o]
S dde oll s el Sl 4 Ol 0
33 Gkl Ol oo L RA s oS Jl s 3ls o ol
5,5 W 0,68 iS5l

ol 24—

RN S

o5 5l 56 Botes RA a33L VL Ko ezl (slos s
RA > Slos Giomly Kol sles 3 S Jls ol
o35 V55 45 i 5l AU sl b 5l ab baes
3 on dmaloen 5 bl Sl eslizal U o ool
0y = 0¢ + 055 + 04 + 0455 + 0y (W)

[l gasd Sasl gla 2 g el onl o
Sl s A5 0p 5 Ogis Ogp Ts At Sl 5 i
5 bl s 55 lsg e 0 el Jgloes asplSoni
(S el (glos LI L s e o sl Y A
DM 48 Jl- s il oo A ey S sl e S
il Il RA s 5 il 5l e 5 BB sbas oty 56
RA Ll 5 p S Glsme b o JaS (oS s
S s Rl mota VB gl e 5 (S
Geios () 3 slasodlat ¥ S S e 3l g s S
S ol s (2023) OKan 5 S5l e s OLES |
a5 s S pwy |y iy g 5l e (58 slasY g8
255 S SOl Slles S sl 0305 0L G
St ol 5 TSAT) 55 SaS & s 5 "(QT)
wlon VU ol b slasY 33 ol 035 5ASICIE 125 5Y 45
QT 2l Of s 45 BASICI6 15 sY 5 5l sadanstle sY
U oosd ol SAT S b Llg o o5d g0 ol
Sl VS T s 4 Vb Sl ey plSotal b oY 58

1[\ A
VIRV R

2b .lel 2b

(Murakami etal., 2019) 5l (6 55 Sl .0 K&

%5 r/qv(%)—r/o\(%)r—«/vz(%)r v

QT}QL&CE.a)Ml{a<<Yb;‘;\W&&]@\)Q&U@a

a 4 - .,
(E) Sle 5 el 53 () < /180 ke a b asly

(%) > SILl.cwlyareag = Y/4Va 5 355 0 Bl 0

Vareag

b )‘v\-&ﬁ ‘.,L:;b'/\‘\o

sabaly 5l ac S B sie 65 03,51 S 4 sl sl

:(Murakami et al., 2019) > S aal s eslizal VY

\Ys
ac = /W0 +-—=—)" ()
H,
oo (gaksls ¥
S Slhes 08L S sl JSm VY
il glales L3U (Liet al., 2024) o, Kan 5
N s S el iyl p s SO ol 5 Skl
Aa S L llas g dals (RA) elile 3L ezl 5 oo
5B doys VWAV 51 5N g asend (gam s YEr gles 5o
Lol el LS55 i 5B Ao s VYAE S 5 cu b
Sl (o somd (Ga 3 TV o &%WT sles 158l
clos 5 dolae b e Jilisl doys YEAE 4 Coiy
S 5 il BIRA (gl giome o gadas (g 13 TV Ky ez
rSthﬂ ‘54;.-)5\#0' 6(.05)) cQL@)D}J&S%
Lol 2 L;]a BLIRS R I W ) YAVY & Clw e

b s bdd cun @ bl canld (S e

1. Stress Induced Martensitic Transformation
2. Quench and Temper
3. Strain-Assisted Tempering



'Y

\-YV c(\i'i)L@.ﬁ) Al LS")L“*:‘ N S92 4:.9)..:...:._1 LSLAL;))LL.@_}J‘}A MM/O‘)K@}&&

(Suh et al., 2022) oI, 5 5 .(Prochazka et al., 2023)
S 35 50 b Sllagy sl b 6 s s o
Pl Ly AT) Ky el 5 el 858 50l Sles
Gl 53 les S s p |, AISIBASICIE 13 5Y 5 Sews
IS 03 el pad o ple 5 u il Jltle ) (ash

03 St 5 So ke ltle gy blie 53 QT 5ol > Sldes

slge ol = 5 45 .(Prochazka et al., 2023)

Sl oS sl glosle w0 1 0T a)ls (Saw SVl o

LS lesn st cmen s e Gl 3 slas 8

el 4 S5 FAT S Gl o 1l oLl gl zales EE O dadr 55 AS
100 b
" 8.29 50 |
(a) o e R o) e @
1534
a{ 80 F 1500 | 1455 a, 1440 1414
4 7 1339 1327
2 1250 | o,
S0 i} o,
& - S 1000 |
8 7887 63.50 5825 B - T _
g 750 -] 7o %
&m i s q5 ™ T Test T Test : O, Test Tis
2 ' =
g S00 |
= = =
250 =
M o'
0 1 L L 1 M 0 ! B bl
240°C 270°C 320°C 350°C 2400C ZNeC 320°C 350°C
Austempering temperature Austempering temperature
(Lietal., 2024) ;b rK;..:.N\ Solad 505 (O) 5 56 o ez oS (D A IS
|Conventional tempering| |Strain-assisted tempering|
900 “C/20 min 900 °C/20 min
1B
-
<
g e
E B
e g 3
=3 =
g 350 "C/120 min g 2 350 “C/120 min
E E
2 e = 250 “C/120 min 2
) 2
strain of 17 %
Time Time
(Prochézka et al., 2023) SAT 5 QT 5, > clles K oy, 5l Soled vV ISS
(Prochézka et al., 2023) )| Slles cilises Sl 53 3 sdelisas (128 ga3l s ) g
RA(%) | EL (%) UL (%) YS (MPa) YS (MPa) E (MPa) Temp (°C) Heat
Treatment
YAENA | VAL /L Y/0 £ /) YAVe/Y £Y/8 YAVO/Y £Y/0 YeV/E £V Yy QT
VEEY/V | YA/ V£ N YEYY/V £ \/V YYAV/V AL YeV/o£Y/V Yy SAT

1. Austempering



\-YV c(\i'f,)Lé..l) Al éa)w NE So92 wj;ﬁ 6&6}_}1}5))‘}» MLM/D‘)&&}&JL@ 'Y

S a5 Pl (5l 5 S Sk L
Sllee il S aw opl gl 23S Ol 51 3G
iS plSomal Sl Ll s 6351 S cpl Sl
Sl 53 ek 51 LSUAR 64503 b aslis ;3 QT 5 AT
Slles bav 55 5 o o 355k 5 WS S 1SS Jse

(Suhetal., 2022) —..l g, >~

Getw > (Masoumi et al., 2024) o1,Kan 5 o suans

Sl 5 S ol Slhee K ST o K
53 ek Jtlen, p gl e O pen (Q&P)
Lol ol sadsl s s S LIS 1 AISI9254 ¢ 55V
S 51U Sl JSize gt Sl s SO a4 pltes wlige
S UKz e 93 Q&P 1l el 48 50 5 2o 5
55 3V 5 JU) s asieiie Olag /les 53 5V 5 03 S axzal
Br 5 Bs gessdoee a4 Jil suome 5 ME 5 Ms (G5 5une
OLE 1y Lo ol 05 sy ol 5l Soled 4 JKa
Q&P- Jl= 5 Lol .(Masoumi et al., 2024) .aas .

MPa iy ool oSl dm ey 5V 4 ACH/YY /YT O/ 0o
s sl Cs VA0 MPa Ll L55S i 5 ) e
¥ oyl hug o cl Con 5B LS g s el
Lol S el andllae ol s dalgt sddantla il
Sy adelasl 5 Vb pSoial b 5V W5 sl 5 Q&P
Slaesls ¥ i) das e OLES |y Lablgn 5 55 55 slas 1S
.(Masoumi et al., 2024) (ol g5 cpl 31 JS
505 G > (Huang etal., 2021) o, Kas 5 Kl ga
2055 i Slhes MK Ciloie el G

Ol e Sl oS 3 Sy Glesl b s S
Cup s sl S ool sk e el Ky e
SIS Oley a3l el S35 0LLE s L S
Huang ) M:& QL:.; b L;:E}J BE ov\.ﬁTCﬁ.«JJM. L;?'JKA Q},«)T
S 4B Yo 51 0ad S Ol &S Sl (et al., 2021

U{Ji@cd?;;-ﬁui\)bvubdcjdwd_};jvbtiyu&ﬁls

03 s 35 Low il e QT IS s
Sl Ol STy ol aselSod S 55l
Nl Sss S Dbl L 5 Y (gelld
SYsb s 5 Wb plowal b SN pams annsi 03 008
(Y dodar 5 A IS2) 5 el ke Sl

1200 ASAE9254-AR
B Austempering

© qQr
Q. 1000 -&
=
N
()]
< 800 ;
2
— - >
g- 600 4 ‘\
© ~—d
@ 400 > &
(]
—
=]
wv

200

103 105 107 10°

slacdl- ;3 B3NS S =N gla s galic A K3
(Suhetal., 2022) QT 5 AT) s, > Slles

el 53 255V (gl 1S 0 geil bt amlia Y g
(Suhetal., 2022) QT 5 AT) 5, ,~ olles

Yield Strength , 0.2% | Tensile Strength :
(MPa) (MPa) Specimen
oyv a4y AR
VIAY YAYE AT
YN Y YVYY QT

Shedelcmsa 3 glasN s S—N sla e A S

S — laosls A o anslis |y Slhss et Saust Oge)l
U 3 "A" S on GBI gles s (AR) alsl 650 N
s J&wlﬂ& $0 S gl L5'<L'“>— NEE RS W odls QLES A
rALzeJ‘Jd%}bd@‘W@\@JQ}LJJYLSeJLA.«:::
w€.,\.c— Sotas0lls VHCF (sla il 5 Ll Sl gan
QT LgLQ‘U_,N ‘U’l\ B oj}’\.@ Cﬁﬂr"l Q;L’d L;Lw&- JQ.“ L
JSEa e Kot am L bl oy s a5

A= LT e S s AT Sss S Gladise
rK}:.“wu‘ u:"'.’“jﬁl Ju}.;&;;c S QLJ..: d&dlﬂ& Voo ;.;m}
awlis ;3 AT (gobile 3L Coinl g S Sl el v.<:.w;-
S bl I8 s o 2550l QT sladisei b
Shss gkl 5o xS 5wl glanY Olses
L glasV g oS ol ol osls olis s Sladlas oo

1. As Received
2. Quenching & Partitioning



V¢ \-YV 4(\2'1)@) ) 6@)[.«.;: N RIS L] wf:ﬁ 6@&)}1}3})‘)» MLLAJ/O‘J&QA}L;LGJLF

sl Gl Olag o 51 e il 68 3l 0L aasily S e sa el aSB T bl 055 el Ol
)L:}'Luﬂﬁ) L _L:.v‘)ls — ) .L.:Jj: E) oJuLALgLv WT JJ”J.J Huang)(éﬁ%duax‘ ﬂ‘f‘j :Y)_e Q.L:: )J:j QS/.L\.S.&
dsb sLasl f&?ﬁm‘ ol Cels Q&P Ll s 5l o P qus Ogline glales i ‘d;—<ﬂ3 a5 s (etal., 2021

NG PN 5 JSJ ULAJ}“; b 54SiCr6 Jy‘jﬁ L;i,u&a uﬁ‘}?‘ E) )L“&-Lwﬂ) 2 Q&P

35 s (Abedini et al., 2023) OlKes 5 udile

900 850°C-180s

750
— Q&P-850/220/325/500

— Q&P-850/220/325/400}

600 ‘\ 20°C/hs
\ 500°C-300s

450 41°¢/

325°C-1800s

Temperature (°C)

300 -

4
/1°Cis

220°C-30s
150 4

T T T T T T T 1
0 600 1200 1800 2400 3000 3600 4200 4800
Time (s)

(Masoumi et al., 2024) (glal> o 53 Q&P 5l > Slles [SKw 51 Sled ls 500 A K5

(Masoumi et al., 2024) il slalos 5 (glad> 055 Q&P Ul b 55 jltlas £ 5 e Ose3l C,LJ AgPRES

Stiffness constant (m) Contact area A (nm) Hadness H (GPa) Phase
Martensite Q&P-
OAZ +/40 0 + Y/¥ o0 £ +/\0
\/OAE +/ /AQQ £ Y/Y A/ROTN £ /) laths 850/
V/80 % +/v0 Yo/ £ Y0 V/AEN £ /Y0 Bainite 220/
sheaves 325
. Q&P-
V/6s £ 4/v00 8.389 % Y/\o VIVEY £+ /1 s Martensite 850/
laths 220/
VAV £+ /00 VUYAA £ Y/40 AL ETIE Bainite 325/
sheaves 400
. Q&P-
VY £ /ev0 W/ £ V/AS VEAL £ 4/ M""Igfr:‘ss'te 850/
.. 220/
VYA £/400 YA/AVA £ V/+ s VA £ /) Bainite 325/
sheaves 500
(Huang etal., 2021) b yai ol (SIS ol & Jgdr
Hardness HV Elongation % Tensile Strength (MPa) Tempering holdig times
e Y/o YY§ 0
aya/a 0 YA Voo
N 0/0 \ YiYE \oe
VA A AR Yoo
04y ANY Y AY Yoo
0\v/ /0 Yeoo Ove
00+/0 ! AR\3 Ve




V=YV c(\f,'i)L@_.») Al 65)[.&.«; N So92 wf:ﬁ 6&6})1}5))‘)» MLM/QIJK‘..&;&‘_,L@

1000
900
900°C 20 min _1
800
00
f— 600
e
2 500
g
[=%
E 400
=
300
230°C
200 o
Q+{ 200°C
100 170°C
0
10 20

Time(min)

(Abedini et al., 2023) 5a> sl )3 Q&P )l > Slles iy, 5l Soled N0 K

plaw 28l A3 1 Y/0 IS I b slis sl (JSaliSa
Sz 4 1, C JS1, 070 e 5 Aoy T éuﬂ
sl 03551

3 s ey WV
ooty o g (a3 Vo e (gl 5o g pid sl
S ol Ol el S S 4 e adSS A
ool (JISLL K 144V 228 e slie alesr |
@ Aoy VoY b bl (JISKLLISS VY s
)03 1) A3 A e mlaw (2alS ol e

23 e diES S Guiped sl e Sl bl

cles s 64}5

Gled 53 Gy ik 5 e g (Ga 3 Vo gles
sls Ol aids A Sdedy wgendor (gaz ;s T
.(Abedini et al., 2023)

)‘ waL;».wbd\.g GLU 6&.&‘)&? U‘plf- e d)J}- BE
Pl &S el S el o Ll S sla bl

r&z};«‘ L ‘U‘i‘ » 4‘53&9 e wLi u’:‘i‘j‘s‘ M))

o.LngjS Soses boaslie ;5 doys 8 0 okelCowsay

Ll b & Sl e dsb sl &S s sl 55l
oS g sleg, b oadsl e boanlie 53 Q&P
.(Abedini et al., 2023) ol <5

{8 LUy J:"“J}.’. U'i‘ LsLhLaJ u{}@_’ ﬁ) le.ha:_}.)or.a

9 O seeede (G453 YT gles 5o aﬁéjﬁéaw
ey o gmdas (e o Ve glos o oL
Jols (SO ol Sl S5 e ak3s Y
VALY iiS plouad Jp5 WV su e 63

(Abedini et al., 2023) )| > Sllas cilsis Lol 5 (gl s andllas 5,50 3Y 55 228 ol 0 g

RA % Total EL % Uniform EL % UTS (MPa) YS (MPa) Sample No.
AN ARV 4% qYA AN As-received
. . . \¥aY \¥aY As-quench
¥ L 1 \agy VA Yoroy
AR v/ 0 14YY AAARY YV e-A
YA A Y/4 1440 YAYo Y¥e-\o
AR Ve ¢/4 1444 \ve Yy ey
£ 4/t Y/Y Yor VAAT Yooy
Yo A v Yoov YW YeooA
¢A ARVA Y/Y YAVY \ov YeeVO

Yo/v V/¢ Y/ \4ve \vay Yoo¥o




‘1 \-YV 4(\£'i )L@J) ) 65)[.«.:5: N RIS L] 42.9)‘:...:.1 6@&)}[}3_})‘}4 MM/Q‘J&«A}}L&J&

Y V/A LV 14y ARYF2 \Vey
¢A \KVA¥ VY 144V \VY. \WVeA
¢A ARVAI Y/4 YAV Yo4- \Ve—NO
Y V/o \/¢ ARRN \VAY WA

ORI B Tl Glas e el s s Gkl Ol s
3l

Gl Vg (Vb b a5 S )b,
Ghacrii b 5 i sS Kl Aol b aS ) &g 55l /iy
oplse L5 S s (Gaoetal., 2016) O, Kan 5 S8 ol
Sy e BQT IS LBIM B Y55 SO (Gt
o3Il ¢ gaz> S L) wkﬂw@;\ Odel s 4 1
(e S Sl Olles (Copline bidcsy
3buer 3Y33 VHCF s, edile 3L ol 136 (o505
Sledelcmsas ol U dsdr 55 s Eou Leaiia B/IM
S=N slacsls .ol sdd byl 5ol Clles K ]
BQ320 5 BQ200 (slas sos VHCF iolosl 5l sdslowsa
BQ200 (54 50 ( Sast A sl ok enls LSV S s
BQ320 (54503 3 msbsts 45 ol JISLLE VYo 550
LV dsds 53 &S sboles .ol SYL (UL e e)
5 BQ200 slad s (RM) 228 Cuoglin sl ol o3ls
el JSLLK YT JLLE VY e s 54 BQ320
Q-P-T JSwr G LBIM (36 5V 33 G caddt | sba
Sy Gl el il B gl bl oo s
(S sk mliesn ) sdile L cna] (il glsl 03,8
Aol s a4y (ol (50301 3 (6 205K 5 Aol

bk, n (lle 3 comal ohia) stlag,
Oralesl o b3 BIM sl 5Y 35 VU Sl 05 2 (Sast
(S Ol o5 i adlas S = N e

gl ekl gl comul L BIM Vg o, e
spdm S VoY s b Saes s (Gl 50)
e St S 5 Sl JULK VY
53 VHCF S5y das e 55 )00 Sw 53
33042 oy 0o L (Sl cnnl sV b L sl

Syl S \'A)J;L..ﬁ-g;.ib)vbu) Sl 4l
(el JLL e

Serbino et al., ) OLen 5 g (S, 05 ks o

Slles 55 0bile U ozl 5 ol o Jltlag, ool
o lle 3L ozl 5 5l Sty blas 3 AT )~
DL Lol Jrass bl S e sp 1 QT Slles o
Golie b s 55mb o Gaes AT Vs ys a8 das e
L S5 6@.’\:.))5 d)v\.} Lol c)J‘J -’j") aJ.:LGL;;LJ &:a-:n:nﬂi
Sis ol Las 3l QT sladisas 3 a5 &ls glaj e
Slr b e GOl (il 5 s G S
J>le il e GBI cpl LS o slml Sas S5 g0
&éa}fw@ugxsgﬂs Ly Sast (g4l
Aas 2alS QT sladisal 5o 15 1T gal> 0 5

=G (Abareshi et al., 2011) . dble 5 _3,Ul
u..ab;— 9 L;<:.w.>- )Ll'.é) B eJJLAL;ng gL.:J.wT 6“;}1)
Aol Lol Gaa 5 S s |, TWIP 5Y,5 ois
slales L;J.SJK..» b el gekile BL il =
o S (Ko el (glod [2alS Ll 03 0 AT Cilises
Al e Al 56l S Ol 5 Rl eile L ol
(iS plSowtal wkile Bl gl e 1B L sy
Ll oo 35 TRIP (lasY s v.<:.w;- BIS PRPI-SR e LW
.(Abareshi et al., 2011)

de Diego-Calderén et ) ol,Ken 5 05,08 S 45 55

3 SRl 5 @S Gkl edddd s VL el

Mol 2 b plas .5 S o 2 1) olile BU el a5
Q&P (slas¥ s Saes > oils 3L ol (gl simes ol 530
5B et 51 A6 S5 Ll o oS as s )
Sphi paie cpaman 25dg by Sy piole Spnl
Sladls b alie 53 S S seilbe JL ol ladls

Q&P L;Lasyjévﬁ:&ﬁj.uj\;é% Lg)lvb“li_ (JJL?)J'—!



\—YVg(\f,'ijL@_:)‘\ L;a)l.a.;ln\i6@);32&&6&6)}@))‘)»“%/&‘)&&}&& Vv
G gJET i Y- wleaks skile 3L ozl L BIM 5N ol e
5 ol b 5 el s WIBT b osas gl O ST 2 e Sl (AU (S LS
Liu etal., 2009;) 5 S oLil 5 Cladss 4 Ol 5 o LasV s wel VHCE et 5k oo b5 51 Qe
s 4 A 3V s (Liuetal., 2008; Zhang et al., 2007 S gela Bl Snal L BIM Y5 5
el S a5 SOl ol gl oS 5 Gao et) ol pas Lallsl 5l S0 S5 e
(Gaoetal., 2016) 5,1, Slles (S Sl edelsa SOl ol N J g
Impact Ductility Akv (J) EL 4 (%) Yield Strength R, (MPa) Tensile Strength R,,(MPa) Samples
Av 20 Vo/Y £ +/0 WY 2V \FARE- Ay BQ200
Yext AN £ )Y Qo0 0 VWY 23 BQ350
(a) {b)
& Eur B A B
a GO0 & a Run-aul - e A & Il roringiusion]
% A & % — @ Run-oul
G BEor i o
H . P 700 .
3 ) = - »
= Btk & A = =
= = RS0 L
= i A o % LI ) »
:: 750 = : 600 |- an » - -2
: | . > o
= 7 850 b=
B ook e O
e SO0 L e L l
10° 10° 10" 10" an? 1° 10° 10t 107 108 1?
Mumbar of cyches o fElue, N Mumber af cpches o fElune, N
(Gaoetal., 2016) aa soi gl o S = N oo slaesls N JS.“»
(Liu et al., 2009; Liu et al., 2008; Zhang et al., 2007) ., 5,550 slasVss sland S5V Jgda
Ni \Y Cr Mn Si C Specimen No.
/eq NEX) +/41 /oY V/EA +/04 60Si2CrV-1 )
/e "y an ‘oY V/EA v/04 60Si2Crv-2 v
AN V/eY +/0) \/OA +/OA 60Si2CrV-3 Y
AR +/44 A \/8¢ */OA 60Si2CrVv-4 A\l
AT V/\ /o \/oV /01 60Si2CrV-5 o
v /00 VAR \/+4 A VA +/04 60Si2CrV-6 4
/oY Ve /74 \/04 +/oY SUP12 \
oY A +/04 60Si2Mn-1 A
oY A +/04 60Si2Mn-2 A
Ve /84 \/0 /01 60Si2Cr \e
V/EA +/84 AN Voo GCril5-1 AR
\/AO /Y AAT +/AA GCri15-2 \Y
+/QY VY Y/ Y v/8E NHS1 \Y
V/VA % VA /Y0 /8N 40CrNiMo VY




YA \-YV ¢<\i'£ J\L@.j) ) 65)[.4;.::1 N So 92 wj":"':’. 6[-@&)}[.1.9_5)‘).4 MM/&‘JK&Q}L;{LAJLF

AR V/eY /Ay YV +/0) 50Crv4-1 Vo
VAY VAR /40 A /0 50Crv4-2 \7
V)0 v A% v/t v/01 54SiCrV6 VY
/0 YN V/g0 +/07 54SiCr6 ‘A
(Liu et al., 2009; Liu et al., 2008; Zhang et al., 2007) ., » 5,50 slasVss SO ol A J gl
. Tensile
incﬁjvseig?lggize F:ttllgol;ecfltcrlslzgga(;w I—|(z;11dvn1$)ss Szﬁgg';h S'?r.gss (;tOZP (l}’;gfa) Specimen | No.
Y OYA OYA \Vor Vg 60Si2Crv-1 |
Yq osY oLy VAL S VAN 60Si2Crv-2 | ¥
A 010 010 V440 2t 60Si2Crv-3 | ¥
Y oVv o\Vv Y400 YV 60Si2Crv-4 | ¥
1 oY oY V4ye \igo 60Si2Crv-5 | &
YA 00A 00A Y408 yoyy 60Si2Crv-6 | *
\V g et YAYO \VYo SUP12 Y
' o)) o)) VY'Y yoq1 60Si2Mn-1 | A
YA W R YIAY 144y 60Si2Mn-2 | 9
YV o\Y o\Y \Yov VY 60Si2Cr Ve
) VY Vv YVAO \\AN GCri15-1 (R
YY VA VA VW YoV GCr15-2 \Y
) e e YiYo 1\l NHS1 Y
v 0t 08+ YAY Vous 40CrNiMo | ¥
vy 0+ 0+ VA VoAV 50Crv4-1 | Vo
VY 014 014 Vo VYA 50Crv4-2 | \#
/0 00 00 YVYq Vods 54SiCrv6 | \V
y > 0er 0 \VEY Yovy 54SiCr6 YA

Go3ll 5l 5SS 5y Sl I gl 15l ann S

Sllee S S 5ba V5 ol o s b
CA...A‘ ol rl}u\ _)'.'.) @.)‘J}

Liu et al., 2009; Liu et al., 2008; Zhang et ) ..l 5,55 Glos = 0ley 53 3¥ 35 03 5wzl ol Sldes -

[al., 2007
oSl s (55 sladlsT 5T 5 rassy nl b alis
o )Ll (2021) O, en 5 oS i 4 Ol 5 o Sawst jas
SRS L il semy ol Sl (Gl o S
St Sl (ot S5 g skl b
fari 35033y I oS ek gad 53 48 Sl micps S
ol s ple b pdT 5l aw ses opl 55 Sawst S5

¢ RS
OFa 3 NSO S 3 -
Olj=les 53 SV olg W5 Sl ollee -
S el 1y s el Ol e sdalinse oSl |
StV plSd b sl (slaaiged plad S

da.d 51 «S BASICI6 sY 56 somas 350 Jtls (o358 8 Lll2U



V=YV c(\f,'i)l.e_g) Al Lga)t.wi NE LR A:.ef:.ﬁ L;LQLSJ}L'J)J‘)A Muwa.‘)/db&o.hj‘;ih‘;k& V4

.(Mashreghi et al., 2017

Sl VAT Y Slslag, OY s bl

PO RPN RSP NP NP WL ST
shils s - cu B bl LINYY SN bl
Loy A JlE VYA SY gl do 3 T (5l o 5 51
ool Gaky 5 Do Sos SB Ao TY g b 5l
O3 ol 0 a3 S 55,51 el VYAV 3Y 53 5 0l a
osls LI VY ISSE s s gl (6l sddp bl e

ol

5hole Glakse L3 bl sl gl EE ksleg s
Gt ses 53 s XS o Wl 1y 2 25 ltley, (JT
(Gui etal., 2021) L3 dalg 53,0 Sast S5 ilsy,
(e flie a8 55 (2013) O Kes 5 ol e
L3S sl 1 sV et jly o sktlen s U
Calises gla e b gline (3UT (glas¥ 3o ¢ aass opl 5o
DIN 1.1186, 1.1302, _zsle3l 3550 slas¥ss s iolesl
5o Oldes aul 3 & Jod s ks 17176, 1.7218
Mortezaei et al., 2013; ) <ol sl i 158 LoV s

(Mortezaei et al., 2013; Mashreghi et al., 2017) _z:Le3T 5,50 glas¥ g S 5 ol Oldes IS0 A Jgue

HVN . JCHPI 038wl Olaj 2858 s il (slas DIN sY
40 - PP ARV
Yav - a1 Yoo VAYY
Y4y IO YeoAO—p S oy, V/VYVA
ooy AR 00-AVi—p S i3, VYAV

Mortezaei et al., 2013; ) VYAV (3 3 VWA (2 DATY (G NI (Gl LasV 5o Sl (55 Son bl VY JS

(Mashreghi et al., 2017




Yo \-YV 4(\2'1)@) ) 6@)[.«.;: N RIS L] wf;ﬁ 6@&)}[}3;)‘)» ML»LAJ/C)‘J&QA}L;{LSJLF

SLisl iy o b i o ail g @l 5 s (55 0
.(Mortezaei et al., 2013; Mashreghi et al., 2023) .l .

a5 > (Dehghan et al., 2015) ol,Kas 5 Olias
ﬁ)b)f&.ﬂlﬂdb)b}bﬁ)ﬁ‘ 65)[.5)2 Lé;ib
RS PR W U’:’)‘Jf\. J)J}L’L;UQ.A JY_}B &_w g.,.’:sjj

bbbl sl s s ol 5o VYY) Y4
OLES 1) 4o 53 Jslomels (slad IS 51 el 2 Slals &5
w5 B s 5 bl e (V8 JSE) Aas
1l
(N el 5 el )
(TB) ol yad Tt ¥
(TBM) ol el o 555l iy (53655 Y
(TM) 0l poad S 5550 £

ol Slas s (S 51 IS 2 b ) Jpr s
o Sllas 1 e b Sl S5 OLLE ol 003 431
Loz V0 S Lledel s 4 OLSS L 05 S
O 1y sddp o Sllagys ol 53 el K25 slasl

.MJ&

650
— A& 11186
-——0 1.7213
600 --- & 1,1302
e * 17176
550
-
~ 500
=
& oo
-
g 450 o=
'gwo ——————— =
£ 350 i i ST
. g - -
300
A s =
250 =
200 +
o 1

Number of Cycles to Failure (N))
Mortezaei et ) aallles 3,50 a3V 33 S — N ls 5ol

AV S

(al., 2013; Mashreghi et al., 2017

L5.<:.w>'- A (G ol s WIS @L:.} ol

NVAT lasY s gl s MPa Y'Y 5 8) 0 Y (YEv o Ja
VWAV Y55 ol el VYV 5 VVTAA /YR Y
d= gl by Galesl apse glasYss o s e o SV
G HUN G oo (ol 531 Ll 3ls dl) (6 2eS Ko
Ere HUN 3l v oS o8 (5 Ll o ol bl Koot d
ol OF s a8 5 5 dalp il St A b0 i
AL syl L e Sl jesl; S e el

F2 s sl 15 6 VL (e & e sed 3 55 8

(Dehghan et al., 2015) ki 5,50 s¥ 58 slas oS 5Ny Jgde

(533 22s3) pls &S 5

Fe Vv Ni Cr

S

P Mn Si Cc

Bal. AR Y +/04

/aYY

+/\o ANY /YA V/YY

(Dehghan et al., 2015) -, Sl e ol jan a5 S5l = Sllas ba S Y g

) o Sl olles IS Y5
e Sl e o3 33
. aYal |58 < Yh AY+°C N
YA/A £ | sac—Vh v+ °C«—=0il«—Y+min o :°C—\h AY:°C <N B
YY/0 oY/0 | sac—Vh v+ °C«—=0il«—Y+min o :°C—\h AY:°C <N TBM
Yy ¢ |gae—Vh A+ °Ce— (v+°C) Oil«—\h AY:°Ce— N ™




V=YV c(\i'f,)l.@.:) Al 65)[».‘:1 NE LR 4:.9]».:..:1 5&6)3h5):l)» uLLm/&bK«A;ébd\& Y

.Cﬁj'};)u)lﬁ.ﬁ-b_;b L;?J&A 6@@}5)} 2979 o

Dehghan ) _SlSe ol 4 sams 51 IS Sledbl AY Jgas

(etal., 2015
- Sl sl -
(sliz:wl f
‘. e Jsb . & god
- MPa_zris | 2
MPa (1) phate () MPa
QoMY YV/E YV/Y YeYO 4. N
YeYV/0 YAV V4 Yoy At B
Y4y \VVA W/ VYA AYA TBM
AEATA VY Vo Yo YA Al ™
900
— uTM
..... +TBM
800 - ¢THB
- ¢ N
700
©
s
2'600
§ o e
500 R
400
300
0 2000000 4000000 6000000 8000000 10000000

Number of cycle to failure

il Jltlag s Sl 8 Gl g SN o N JSS
(Dehghan et al., 2015)

03 CaFbe ame S ol BB L s e
D g dale il 5o oY Ko ds bl
O R e (I PG
plSouial il b abad 5 oas Bl il o
4.’1_}4;.’!).)(’11,«;
Gl b o el Sl s Coibe ez uS
Sl (ramen 3L dalgr 20l s faus bsgte
S S 53 (Y JK) 555 e ik 35 4 g ) S
@ gas sl 56 4S5 S Cals 1 g psse nl 05 e
Sl 5 Oy oS w5 o s b 2
.(Dehghanetal., 2015) ol jcaal 5l 5 55 seim sl

L)l w8 by b s oY sadsl sl N IS
(Dehghan et al., 2015)

® % undissolved carbides

1% martensite % pearlite

. s 6

1% bainite

100% s
90%
80%
70%
60%
50% 95 95

40%

volume percentage

30%
20%
10%

0%

B TBM
microstructure

Sl a5 Cilie Sla3 e oS N0 S
(Dehghan et al., 2015)

A Sl ol e S

St 0031 IS Sled ol s 218 gkl

5l sdalcowsay EEw ey Lo VS L sl

™

Up‘? Y d_on- BL)

e el O L e g o (Sl ol
e g el 0L LB 55 Lol S sl
Galpiilanl 5 RIS (ol oS LS Lk sl
8L Sl L OKs Gob gl e sby odlasl 5 esline
Ll Rl @ pes bl plSosal (L3l e S
5o gl Y (A el Se s didlhn)
s e Ol ) S seay S
36 asles Jlle 53 S JU e S il e
USRIV

(S e la e o b gl S 8L il e



YY \-YV c(\i'i)L@.ﬁ) Al LS")L“*.:’ N S92 wf:,ﬁ LSLALSJ)u}:‘}‘ MM/&‘JM"‘;L“-;L‘

(Dehghan et al., 2015) N k=Ll s, (5 5 TB

e BB e S ol il sl gedasili
S5 ool s okl e s gladaly Wl e s o
Akl e SL s Sl s Sl S S
S L Ol jen Ll g 5 5,108 Aol Tob plad 2
Wl 5 s S el asd S S LS
e sl 5 S s Sl Ol gl 53 -
(b S eSS s
3 by Wl goslhil 5o Dl dd o Sen mhaw > -
Ul (Sla 5 lkie
ot Llay 5 Slo la i sl Loy o Sbe o 53 -
O asdas by oSl L Ll genl S
Al el
o3I pans 5 shitens SOCIMNV 13 5Y 5 3l S 5 Seo
218 51 B el Cdlisen Sl b ol el 51 5
Sladisad sl b Gl Ad s (RS e 3)
s oS w5 5l (S ados o dle b s
L s o3l B osls by edd iy s ol
plod U3 Dbl Al el elds) 5 Goy Jsb 4 s
OA JK2) sl ol LS5 Co b 5 S 31 eBus b
.(Pachurin et al., 2021)

ool g&ils Kilsyy 8l vy

b (Pachurin et al., 2021) Oles 5 ol

o 15 B0CIMNV 5 5N g g4 o ae  ails (oIl
B s SV sl (a0l iasn Lo ples 5 S
Sl glajltlag, 5l bdyy 5 oKl glees,sl B
ot 5 skl @y o3l b aS ool s LSCES
s S s Canglin b 20 sla S5 5 Saur S
BE LQYM u.pl?' f,al.'& 9 a e BE ud;o)"x| 4§L
L;LO‘}.OJJ)‘JOJ.@_QJ;‘)LAQTMN&;CJMLJJ‘LSD-)J
ls go3l Jols 16,108 o 36 slye (bl Ll a8
Blowy S 25 5 Sl Slhes S g 5 Gltlag s 5
3 Sl s ol OT sl 5 5 Son s 5o
slse goble welyl DA S S e Ol bl Oldie
3,108 o b s 5 lasl 5 Lise 5 oS ¢ s S L 3L
c‘)ﬁ .L."}S@ laails .Js.'aj:.; .]9}.]4:- ‘J‘.’.J (el ails L§°JU"‘
Cooglie b g3 slge 5o sl Loa) sladsl 3 gl (5 550
6&@‘: 65)‘.).4‘ S U'{“" e.l,..su,:,:z.? LSJL:"L“ ‘_}ALQ 4&\4
ol LAl L e del sl bl gl 5 S L e b

als o3l il or il B e gl Sans oSl il



\-YV c(\f,'f,)L@_:) Al 65)[.&.«54 NE So92 42.9]..2..:3 LgLaLg))t.é):lj» MM/Q')&@}&& Yy

s b,k 3l (Stephens et al., 2000) 5,05 355 Saws
Sl ool S b e Sl bl sl il L Sees
A il L oS el Cnily ol oS Siane Ylaz|

313 34m s Sy sals Kl gl (s i el (adls
ANdersson ) (>3 0 g8 S5 5d o G4 &S obr)
(et al., 2005

r = fatigue strengthitensile strength after tempered
950

= 900 —o— Developed
% a5 4 Conventional r=0.42
= c/
s r=0.39
2 800 ]
£ r=035
o 760 r=0.34
3 ey
2 700— —
® Tempering temp.: 420 C
U 650—| Tensile strength:=2,120 MPa ||
600
7 9 11 13 15

Grain size number (No.)

O PRI CE v PO (R Y e j;wv.a Yo e
(Canale et al., 2007)

S SUCI {8
yir by S S b0k TSl
G35 b 5ol sl [l gl 2 edsd xS gl 2
5 e e s (exl) 655 T B L edac s
2SS (S p S Glas 3,55 Sl @3V
i bl sl amys 5 S e bl aalsd sl
S35 sl Aul B pl S el ()LD dileny
S SuAtS S L S Sl B Sl
Canale et al., ) 55 . el (Soaoken 35 51 20)
Lessells & ) (g5 5 3d cadsl s (glasdllas ;s (2007
(e DL Sitenr e a5 sy oL (Murray, 1941
e L5 gla i Il Y Sas oo
(Tekeli et al., 2002) oI, Kan 5 SO das oo il 38l
AlSI N St s il 58l d\ﬁ/l; s tenrlo Sl eslazal
aS Sl enls QLIS ) (gandlas @u sl 03 S anlllas 9245

Dl Ao Y s 1 oYl St es Sy o)
QMJ.L.’ = )‘ @Ja.w e L L;:m}' u.»b;— ..La_}‘;a
S 0 g aer Lo LSL“V-:*” Sl 3,8 o dadir

i

(b 5 555 0 aikae @ :andllas 5,50 SV by, M S
Pachurinetal., ) 4w s £+ sl ax)o b sl mhw JalS
2021

Lo gos L;u;dﬁ)mpvi;};,yj@u A4 s s

RGO Y 4 AM.."LEJ

400000

350000 L
» 300000
2
o °
>
© 250000
-
(<]
-
© 200000
2 o
3 150000 \\
\..
100000
e
°
50000
50 20 100 120 140 160 180 200

Grain size, umz
4 50CIMNV 5V 55 cSs 4 baast o sl (Sl N4 S

(Pachurin et al., 2021) «ls (eIl

N gdslas (o 2 slaesls oL, S5l s 4 a5 L
Soslbla (4 o ee) CnSs w4 baas o sl Sl
:Juju,a Cews 4 50CIMNV Y 45 galls

Y = —237125.08 Ln (x) + 133644822  ()9)
& R, = 0.93

ls o3Il x (i glaas o slaas Y ocadaly cpl s

JS5 Gb el (Saser 5 R e S e

o c-\..j:Lg JJ&:;)S laails Lga)‘.b‘ Lfﬁj ‘(/\) Lscda.'b 9 \4
(Pachurin et al., 2021) 545 o iy 4 2

Gslas U Ol o 1y Gadis opl 53 sdalisay Sledbl

Hertzberg etal., ) s S a4 ;5 Petch -Hall gakal; (Y)
Sles )3) 25 0 S S wls gejlul jdir (2020
53 Ceaslie 4z & Wb SRl e plowal (las
Hertzberg ) (Y IS2) ol dal sy il 50 Sawst o
Yyene 5, slaals (et al., 2020; Stephens et al., 2000)

sl s gladls 3 e S—N L;<m~>- S slis

1. Shot peening



Yé \-YV 4(\£'i )L@J) ) 65)[.«.3: N RIS L] 42.9)‘:...:.1 6&&)}[}3_})‘)» ML.LAJ/C)‘J&«A}}L&J&

600 D&

oo X

o
o
[ox

v ,J

200

Number of cycles to failure (x103)

0 0.1 0.2
Decarburizing case {(mm}

S e 5 213500 S S Gas  (Steoes YV S
.(Canale et al., 2007)
Saberifar etal.,) ol ,\Sen 5 35 ol S5 iash 53
2 gl G55 Sl Gl e JRSes (20122
L 30MnVS6 sV, g5 93 Ol GRS ol e Lol s S

A3 S eslizad Y Jadr 3 edd i S olewd oSS
el QT 5l 3B s A S g5 53 ol kol sl
5 ke gladll Glaoslil o SKle copl L osdle
wial) ol s 5l oialasl 3l pe SO ol g
(I8 53 05 5 K g 54233 Ve Sde VEVYE 5 05 S
Lol ol B1HIVE Jsd- o
el ol ab S ka5 ps 5 Sl Sl e ool s
o33 Mo Yoor Goslaw LB L odi i)y sladse
Sl s b Ry =01 pm S cpl 3) Kol
sl Gl Sl Dlas b sV s L sl
o bV Ry = 1.6 um Sl ol 53) s 03 4031
Kol 5,1 A8US 5
I gy 5 ged VA - P gy
ol ids 5 &S SV B — P (g4 gal
253 e NP A= R (g4 505
23S VB =R (g4 5e
SLIYY (S8 4 oY 5 s DI e (21§ — N ol SLs

ol 0

Bl opl &8 olKs 3,8 o dndir oo rlan 5 51 S
Ol als 2al58l 1y u.<w> €M\ (soterle gla zal sl
S aolid Blaws sla 25 Lgﬂfo)'\.ul S ol ol 03l
il S e S Bl e il Jole G LD (S
S s s Ol celi i bilie s cadds wx LgsS
N OlFer b ©) plr s AlS dalpr Jsb (WS

23,5 sl (8) cf“:“i)@ oeals

1
%= Ninx, /*v ()
§ = 2mé /(1 — &2 )% )

ol gals Xy (S sl N oYY 5 Yo glaadal o

oINStz Sl g A sl Xy 5 sl S s
&b LYs 51 S slssepe,S (Canale et al., 2007)
WLen 5 slo .l 3 gV i st jes OIS
otele &S Lles S 54058 (1981) (Sato et al., 1981)
0.55-0.65% C, 1.5- ) SUP6 5Y  Seux VK"':”’( Ll g5 o0

Sy Sl LB sba 1, (1.8% Si, 0.7-1.0% Mn
Soterle ax Sladas o 0L YY (IS8 oS sboles s
dm AS ool St es sb s 5 BB s
tazle ola ¥ Ll 5 oV 5 ol gl (Saest jas o5
V0 5l RS S S S Ges &Sl Sl 03,55
Todinove ) Ol es 3 b gus 55 LEL SV 58 ol gl e e
5 @SS S e 2 Sraale B izes (etal. 2000
150 e gaY K sl < 1 (B0SI2) sl e
N il ol 8 cul axg s 55 asdlas 5y
ol o228 b Gla 5 gLl sy b oeddms S
5 ez O | ol e lats O Sl
5 e s 3038 s 3 e By sl
Sl i opi plall gy Siaerle wyls S1 ]
O 4 s 5y LIS G S o b S s ol

N



\-YV c(\f,'f,)L@_.») Al éa)l.a.ﬁl NE (So92 wj;ﬁ 6&6}_}1}.‘3))‘)» Mw/b‘)&w‘}ﬂy Yo

(Saberifar et al., 2012a) 30MNVS6 sY 56 sland S 5 AV i

P S Ni \Y Mo Cr Si Mn C oY
YARY o/ /oY AR o/ AR /08 /oY /¥ A
et o/ s iR o/ VYY /oY \/0A VXN B

(Saberifar et al., 2012a) 30MNVS6 >V 45 sland S 5 N E g

pm JT 63100 Jane 520 HVN 5 MPa iiS s MPa o5 s e
AR\ Yav Ao ) A
Yo AN AV Y B

550 L AP ——— 2 Surface and Subsurface inclusions
™ ; R:g a o interior inclusions
e 500 i‘.“ B-R + Surface Microstructure
g Q\ = Not broken
') I\
S 450 fdeNes
T —%
T‘-S‘ 400 1 a . & R B oo ::
I e
B TSP T T =
8 - B i -
& 300 E,
250 T T - - v
0 2x10°¢ 4x10° 6x10°¢ 8x10°¢ 107

Number of Cycles to Failure (Ny)

(Saberifar etal., 20120) isle3l 5,50 3¥ 0 ilises I Sl 1o S — N gl XY IS

W e 35 o (Sajir sl VU plounad
ol i bl pl s (Ko jes

St s g g e HE Gl gladisl LY
il 585 adl gosluil ax a )y ladas
WSl ar 5 Lo el 2 53 0T o 55 S
5 el el oSl gyl 5 3V L
il zeS Sl goslll Sl 4SS s
NGV RN W PELIVE

S yoe Ml S S S a Laalls goslul LY
Al Rl 5 LY

Sl bls clakad sl coaS ml il LY
55 Y5 OAd 05 S5 Gas a5 mhw 65
B S s il P o se 0y 5 Al

6wl

LS°)L°":’M‘LWJL‘)‘%L“}Jb)‘JBQ;’LMbJ:‘A)}.J‘

3L K Cussdee sddesls Jio Sladsel

claw Lol i 5l Rich ol esdle il 5 (gladipel

sVl (Kot d B sV b anglie 53 A Y5 oY b
(Saberifar et al., 2012b) das . OLiS

S S dom 9 Low L

4 by e 5 sle s e ol G
52 Ko jae il oslos sddelal L sla tas3
o2l OS5 oo e 4 ar g Lol 5 glasY

3,5 0k 5 S e e
Liles Ll 5wl Sl Slles b K )
ST s (Q&P) stupidll 5 @S
o= Ao bl (glasls e Sl ket la g
oo Bb ol 5 Syl il sl
Sl g sl iy banslie 53 oS e IS

;J»JJ\;OC;);‘(QT)JQASJGS)SJ:EJ



A

V=YV 4(\£'i )L@J) ) 65)[.«.:5: N RIS L] 42.9)‘:...:.1 6@&)}[}3_})‘}4 MM/Q‘J&«A}}L&J&

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Guthrie, R. I. L., Jonas, J. J., & ASM, M. H. V. (1990).
Properties and selection: Irons, steels and high
performance alloys. ASM International: Materials Park,
OH, USA. ISBN: 978-0-87170-377-4.
https://www.asminternational.org/asm-handbook-
volume-1-properties-and-selection-irons-steels-and-
high-performance-alloys/results/-
[/journal_content/56/06181G/PUBLICATION/?srsltid=A
fmBOopadnYUqZikjlCySUwzcbhPtfwTYyibDxpT1uxo
Cg-R_1A4SSk0a

Hertzberg, R. W., Vinci, R. P., & Hertzberg, J. L. (2020).
Deformation and fracture mechanics of engineering
materials. John Wiley & Sons. ISBN: 978-1-119-67049-
0. https://www.wiley.com/en-
us/Deformation+and+Fracture+Mechanics+of+Engineer
ing+Materials%2C+6th+Edition-p-00060026

Huang, S., Li, L., Peng, Z., Xing, X., Gao, J., & Wang, B.
(2021, October). Effect of tempering time on
microstructure and properties of 65Si2CrV spring steel.
In Journal of Physics: Conference Series (Vol. 2044, No.
1, p. 012098). 10P Publishing.
https://doi.org/10.1088/1742-6596/2044/1/012098
Khajesarvi, A., Ghasemi Banadkouki, S. S., Somani, M.
C., Kdmi, J., & Sajjadi, S. A. (2024). Investigation of
Micromechanical Properties of Martensite and Ferrite
Microphases in a 35CHGSA Medium-Si Low-Alloy
Steel. Steel research international, 95(3), 2300624.
https://doi.org/10.1002/srin.202300624

Kolahi, A. (2024). Simulation of developed texture
during warm rolling of IF steel. Journal of Advanced
Materials and Technologies, 13(1). [In Persian].
https://doi.org/10.30501/jamt.2024.409176.1285
Lessells, J. M., & Murray, W. M. (1941). Effect of shot
blasting on strength of metals—Part 111. Heat Treating and
Forging, 557-558.
https://www.shotpeener.com/library/pdf/1941007.pdf
Li, Y., Wang, E., Zhang, L., Zhao, X., Gao, R., & Zhu,
W. (2024). Ultra-high strength and high ductility
60Si2CrVNb spring steel with multiphase microstructure
controlled by austempering. Journal of Materials
Research and  Technology, 30, 5855-5868.
https://doi.org/10.1016/j.jmrt.2024.05.018

Liu, Y. B, Yang, Z. G., Li, Y. D., Chen, S. M., Li, S. X,
Hui, W. J., & Weng, Y. Q. (2008). On the formation of
GBF of high-strength steels in the very high cycle fatigue
regime. Materials science and engineering: A, 497(1-2),
408-415. https://doi.org/10.1016/j.msea.2008.08.011
Liu, Y. B, Yang, Z. G., Li, Y. D., Chen, S. M., Li, S. X,
Hui, W. J., & Weng, Y. Q. (2009). Dependence of fatigue
strength on inclusion size for high-strength steels in very
high cycle fatigue regime. Materials Science and
Engineering: A 517(1-2), 180-184.
https://doi.org/10.1016/j.msea.2009.03.057

Maleki, A., Ghasemi, S. S., & Mashreghi, A. R. (2024).
Optimization of temperature and time parameters for
austenitizing heat treatment of Q&P 54SiCr6 steel. Iran
Steel Symposium Conference 2024. pp. 245-252, Kish.
Iran. [In Persian], https://www.steelsymposium.ir/403.
Mashreghi, A. R., Ghafari, V., & Seifoddini, A. (2023).
Investigating of the effect of hardness, size and position
of inclusions on the fatigue strength of the steel AISI 304.
International Journal of Iron & Steel Society of Iran,
20(2), 73-81.
https://doi.org/10.22034/1J1SS1.2024.2019093.1276
Mashreghi, S. M. A. (2017). The Effect of Interaction
Between Hardness, Inclusion and Microstructures on the
Fatigue Behavior of Steel. Journal of Metallurgical and
Materials  Engineering, 28(1). [In  Persian].
https://doi.org/10.22067/MA.V2811.32874

Olgiol oS le 3V 3 &S 5 5 55 oKl o £A0T0AT

10.

11.

12.

RGN P 4 cl}u‘

el
Abareshi, M., & Emadoddin, E. (2011). Effect of retained
austenite characteristics on fatigue behavior and tensile
properties of transformation induced plasticity steel.
Materials & Design, 32(10), 5099-5105.
https://doi.org/10.1016/j.matdes.2011.06.018
Abdolalipouradl, M., Mohammadkhani, F., Khalilarya,
S., & Jafarmadar, S. (2020). Thermodynamic analysis of
new cogeneration cycle based on gaynarje hotspring.
International Journal of Engineering, 33(6), 1149-1155.
https://doi.org/10.5829/1JE.2020.33.06C.13
Abedini, A., Rastegari, H.,, & Emam, S. (2023).
Mechanical properties and work hardening behaviour of
spring steel after the quenching-partitioning process.
Canadian Metallurgical Quarterly, 1-14.
https://doi.org/10.1080/00084433.2023.2291288
Andersson, J. (2005). The influence of grain size
variation on metal fatigue. International Journal of
Fatigue, 27(8), 847-852.
https://doi.org/10.1016/j.ijfatigue.2004.11.007
Bajaj, P., Hariharan, A., Kini, A., Kiirnsteiner, P., Raabe,
D., & Jigle, E. A. (2020). Steels in additive
manufacturing: A review of their microstructure and
properties. Materials Science and Engineering: A, 772,
138633. https://doi.org/10.1016/j.msea.2019.138633
Burgul, S. (2014). Literature Review on Design, Analysis
and fatigue life of a mechanical spring. International
Journal of Research In Aeronautical and Mechanical
Engineering, 2, 76-83. http://dx.doi.org/10.5958/2455-
7110.2016.00002.1
Canale, L. C., Penha, R. N., Totten, G. E., Canale, A. C.,
& Gasparini, M. R. (2007). Overview of factors
contributing to steel spring performance and failure.
International Journal of Microstructure and Materials
Properties, 2(3-4), 262-309.
https://doi.org/10.1504/1JMMP.2007.015310
de Diego-Calderdn, I., Rodriguez-Calvillo, P., Lara, A.,
Molina-Aldareguia, J. M., Petrov, R. H., De Knijf, D., &
Sabirov, I. (2015). Effect of microstructure on fatigue
behavior of advanced high strength steels produced by
quenching and partitioning and the role of retained
austenite. Materials Science and Engineering: A, 641,
215-224. http://dx.doi.org/10.1016/j.msea.2015.06.034
Dehghan, T. M., & Mashreghi, A. (2015). The Effect Of
Different Microstructures On The Fatigue Behavior Of
Din 1.2210 Cold Work Tool Steel. [In Persian].
https://civilica.com/doc/1908502
Dieter, G. E., & Bacon, D. (1976). Mechanical metallurgy
(Vol. 3, pp. 43-53). New York: McGraw-hill. ISBN-10:
0071004068.
https://stu.westga.edu/~bthibaul/MEDT%207477-
Cooper/Calibre%20L ibrary/Dieter_%20George%20Ellwood/M
echanical%20metallurgy%20(13)/Mechanical%20metallurgy%
20-%20Dieter_%20George%20ElIwood.pdf
Gao, G., Zhang, B., Cheng, C., Zhao, P., Zhang, H., &
Bai, B. (2016). Very high cycle fatigue behaviors of
bainite/martensite multiphase steel treated by quenching-
partitioning-tempering process. International Journal of
Fatigue, 92, 203-210.
https://doi.org/10.1016/j.ijfatigue.2016.06.025
Gui, X., Gao, G., An, B., Misra, R. D. K., & Bai, B.
(2021). Relationship between non-inclusion induced
crack initiation and microstructure on fatigue behavior of
bainite/martensite steel in high cycle fatigue/very high
cycle regime. Materials Science and Engineering: A, 803,
140692. https://doi.org/10.1016/j.msea.2020.140692



https://doi.org/10.1016/j.matdes.2011.06.018
https://doi.org/10.5829/IJE.2020.33.06C.13
https://doi.org/10.1080/00084433.2023.2291288
https://doi.org/10.1080/00084433.2023.2291288
https://doi.org/10.1080/00084433.2023.2291288
https://doi.org/10.1080/00084433.2023.2291288
https://doi.org/10.1080/00084433.2023.2291288
https://doi.org/10.1016/j.ijfatigue.2004.11.007
https://doi.org/10.1016/j.msea.2019.138633
https://doi.org/10.1016/j.msea.2019.138633
https://doi.org/10.1016/j.msea.2019.138633
https://doi.org/10.1016/j.msea.2019.138633
https://doi.org/10.1016/j.msea.2019.138633
http://dx.doi.org/10.5958/2455-7110.2016.00002.1
http://dx.doi.org/10.5958/2455-7110.2016.00002.1
http://dx.doi.org/10.5958/2455-7110.2016.00002.1
http://dx.doi.org/10.5958/2455-7110.2016.00002.1
http://dx.doi.org/10.5958/2455-7110.2016.00002.1
https://doi.org/10.1504/IJMMP.2007.015310
http://dx.doi.org/10.1016/j.msea.2015.06.034
http://dx.doi.org/10.1016/j.msea.2015.06.034
http://dx.doi.org/10.1016/j.msea.2015.06.034
http://dx.doi.org/10.1016/j.msea.2015.06.034
http://dx.doi.org/10.1016/j.msea.2015.06.034
http://dx.doi.org/10.1016/j.msea.2015.06.034
http://dx.doi.org/10.1016/j.msea.2015.06.034
https://civilica.com/doc/1908502
https://stu.westga.edu/~bthibau1/MEDT%207477-Cooper/Calibre%20Library/Dieter_%20George%20Ellwood/Mechanical%20metallurgy%20(13)/Mechanical%20metallurgy%20-%20Dieter_%20George%20Ellwood.pdf
https://stu.westga.edu/~bthibau1/MEDT%207477-Cooper/Calibre%20Library/Dieter_%20George%20Ellwood/Mechanical%20metallurgy%20(13)/Mechanical%20metallurgy%20-%20Dieter_%20George%20Ellwood.pdf
https://stu.westga.edu/~bthibau1/MEDT%207477-Cooper/Calibre%20Library/Dieter_%20George%20Ellwood/Mechanical%20metallurgy%20(13)/Mechanical%20metallurgy%20-%20Dieter_%20George%20Ellwood.pdf
https://stu.westga.edu/~bthibau1/MEDT%207477-Cooper/Calibre%20Library/Dieter_%20George%20Ellwood/Mechanical%20metallurgy%20(13)/Mechanical%20metallurgy%20-%20Dieter_%20George%20Ellwood.pdf
https://doi.org/10.1016/j.ijfatigue.2016.06.025
https://doi.org/10.1016/j.ijfatigue.2016.06.025
https://doi.org/10.1016/j.ijfatigue.2016.06.025
https://doi.org/10.1016/j.ijfatigue.2016.06.025
https://doi.org/10.1016/j.ijfatigue.2016.06.025
https://doi.org/10.1016/j.ijfatigue.2016.06.025
https://doi.org/10.1016/j.msea.2020.140692
https://www.asminternational.org/asm-handbook-volume-1-properties-and-selection-irons-steels-and-high-performance-alloys/results/-/journal_content/56/06181G/PUBLICATION/?srsltid=AfmBOopa9nYUqZikjICySUwzcbPtfwTYyibDxpT1uxoCg-R_1A4SSk0a
https://www.asminternational.org/asm-handbook-volume-1-properties-and-selection-irons-steels-and-high-performance-alloys/results/-/journal_content/56/06181G/PUBLICATION/?srsltid=AfmBOopa9nYUqZikjICySUwzcbPtfwTYyibDxpT1uxoCg-R_1A4SSk0a
https://www.asminternational.org/asm-handbook-volume-1-properties-and-selection-irons-steels-and-high-performance-alloys/results/-/journal_content/56/06181G/PUBLICATION/?srsltid=AfmBOopa9nYUqZikjICySUwzcbPtfwTYyibDxpT1uxoCg-R_1A4SSk0a
https://www.asminternational.org/asm-handbook-volume-1-properties-and-selection-irons-steels-and-high-performance-alloys/results/-/journal_content/56/06181G/PUBLICATION/?srsltid=AfmBOopa9nYUqZikjICySUwzcbPtfwTYyibDxpT1uxoCg-R_1A4SSk0a
https://www.asminternational.org/asm-handbook-volume-1-properties-and-selection-irons-steels-and-high-performance-alloys/results/-/journal_content/56/06181G/PUBLICATION/?srsltid=AfmBOopa9nYUqZikjICySUwzcbPtfwTYyibDxpT1uxoCg-R_1A4SSk0a
https://www.asminternational.org/asm-handbook-volume-1-properties-and-selection-irons-steels-and-high-performance-alloys/results/-/journal_content/56/06181G/PUBLICATION/?srsltid=AfmBOopa9nYUqZikjICySUwzcbPtfwTYyibDxpT1uxoCg-R_1A4SSk0a
https://www.wiley.com/en-us/Deformation+and+Fracture+Mechanics+of+Engineering+Materials%2C+6th+Edition-p-00060026
https://www.wiley.com/en-us/Deformation+and+Fracture+Mechanics+of+Engineering+Materials%2C+6th+Edition-p-00060026
https://www.wiley.com/en-us/Deformation+and+Fracture+Mechanics+of+Engineering+Materials%2C+6th+Edition-p-00060026
https://doi.org/10.1088/1742-6596/2044/1/012098
https://doi.org/10.1002/srin.202300624
https://doi.org/10.1002/srin.202300624
https://doi.org/10.1002/srin.202300624
https://doi.org/10.1002/srin.202300624
https://doi.org/10.1002/srin.202300624
https://doi.org/10.1002/srin.202300624
https://doi.org/10.30501/jamt.2024.409176.1285
https://www.shotpeener.com/library/pdf/1941007.pdf
https://doi.org/10.1016/j.jmrt.2024.05.018
https://doi.org/10.1016/j.jmrt.2024.05.018
https://doi.org/10.1016/j.jmrt.2024.05.018
https://doi.org/10.1016/j.jmrt.2024.05.018
https://doi.org/10.1016/j.jmrt.2024.05.018
https://doi.org/10.1016/j.jmrt.2024.05.018
https://doi.org/10.1016/j.msea.2008.08.011
https://doi.org/10.1016/j.msea.2008.08.011
https://doi.org/10.1016/j.msea.2008.08.011
https://doi.org/10.1016/j.msea.2008.08.011
https://doi.org/10.1016/j.msea.2008.08.011
https://doi.org/10.1016/j.msea.2009.03.057
https://doi.org/10.1016/j.msea.2009.03.057
https://doi.org/10.1016/j.msea.2009.03.057
https://doi.org/10.1016/j.msea.2009.03.057
https://doi.org/10.1016/j.msea.2009.03.057
https://doi.org/10.1016/j.msea.2009.03.057
https://www.steelsymposium.ir/403
https://doi.org/10.22034/IJISSI.2024.2019093.1276
https://doi.org/10.22067/MA.V28I1.32874

\-YV ;(\i'f,)L@..l) Al éa)w NE So92 wj;ﬁ Lgl.aé))té);lj» Mw/b‘)&wjﬂdb YV

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

Masoumi, M., Ariza, E. A., Centeno, D., Tressia, G.,
Maérquez-Rossy, A., Poplawsky, J. D., & Tschiptschin, A.
P. (2024). Achieving superior mechanical properties:
Tailoring multicomponent microstructure in AISI 9254
spring steel through a two-stage Q&P process and
nanoscale carbide integration. Materials
Characterization, 207, 113523.
https://doi.org/10.1016/j.matchar.2023.113523
Mohammadzadeh, H., & Jafari, R. (2024). Corrosion
Studies on the Hydroxyapatite-Gelatin-Mono Layered
Graphene Oxide Nanocomposite Coating on SS316L.
Advanced  Ceramics  Progress, 10(2), 23-31.
https://doi.org/10.30501/ACP.2024.466016.1154

Motte, R., & De Waele, W. (2024). An Overview of
Estimations for the High-Cycle Fatigue Strength of
Conventionally Manufactured Steels Based on Other
Mechanical Properties. Metals, 14(1), 85.
https://doi.org/10.3390/met14010085

Murakami, Y. (2019). Metal fatigue: effects of small
defects and nonmetallic inclusions. Academic Press.
https://shop.elsevier.com/books/metal-fatigue-effects-of-small-
defects-and-nonmetallic-inclusions/murakami/978-0-12-
813876-2

Njoku, R. E., Ocheri, C., Okuu, J. C., & Nnamchi, P. S.
(2019). Empirical relationship between hardness and
tensile strength for medium carbon steel quenched in
different media. Journal of Material Science &
Engineering, 8, 547. https://www.hilarispublisher.com/open-
access/empirical-relationship-between-hardness-and-tensile-
strength-formedium-carbon-steel-quenched-in-different-

media.pdf
Pachurin, V. G., Galkin, V. V., Filippov, A. A., Pachurin,

G. V., Mukhina, M. V., & Smirnova, Z. V. (2021, March).
The effect of the grain size on the cycle life of spring steel
50 CrMnV. In IOP Conference Series: Materials Science
and Engineering (Vol. 1111, No. 1, p. 012041). I0OP
Publishing. https://doi.org/10.1088/1757-
899X/1111/1/012041

Panahi, N., Afshar, M. R., & Adelkhani, H. (2021). The
Effect of 304 Stainless Steel Substrate Surface
Preparation Method on Coating Process of
Polypyrrole/Polyaniline  Conductive  Polymers and
Corrosion Resistance Improvement. Journal of Advanced
Materials and Tech., 10(2), 33-44. [In Persian].
https://doi.org/10.30501/jamt.2021.244156.1117

Park, S. H., & Lee, C. S. (2017). Relationship between
mechanical properties and high-cycle fatigue strength of
medium-carbon  steels. Materials Science and
Engineering: A, 690, 185-194.
https://doi.org/10.1016/j.msea.2017.02.080

Prochazka, R., Stehlik, A., Kotous, J., Salvetr, P., Bucki,
T., Stransky, O., & Zuli¢, S. (2023). Fatigue properties of
spring steels after advanced processing. Materials, 16(9),
3327. https://doi.org/10.3390/mal6093327

Mortezaei, S., Mashreghi, A. R., Maleksabet, M.,
Noraste, M., & Jafarzade, M. R. (1392). Relationship
Between Inclusion Size Hardness & Fatigue Limit in
Alloy Steels. The Second International and the Seventh
Joint Conference of Iranian Metallurgical Engineering
and Iranian  Foundaryman  Scintific  Societies.
https://civilica.com/doc/224103. [In Persian].
https://doi.org/10.22067/MA.V/2811.32874

Saberifar, S., & Mashreghi, A. R. (2012a). A novel
method for the prediction of critical inclusion size leading
to fatigue failure. Metallurgical and Materials
Transactions B, 43, 603-608.
https://doi.org/10.1007/s11663-012-9640-8

Saberifar, S., Mashreghi, A. R., Mosalaeepur, M., &
Ghasemi, S. S. (2012b). The interaction between non-
metallic inclusions and surface roughness in fatigue
failure and their influence on fatigue strength. Materials

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

& Design, 35, 720-724.
https://doi.org/10.1016/j.matdes.2011.10.028

Sato, S., Inoue, K., & Ohno, A. (1981). The effect of shot
peening to decarburized spring steel plate. In First
International Conference on Shot Peening (pp. 303-312).
http://www.shotpeener.com/library/pdf/1981071.pdf
Schijve, J. (2003). Fatigue of structures and materials in
the 20th century and the state of the art. International
Journal of fatigue, 25(8), 679-702.
https://doi.org/10.1016/S0142-1123(03)00051-3
Serbino, E. M., & Tschiptschin, A. P. (2014). Fatigue
behavior of bainitic and martensitic super clean Cr-Si
high strength steels. International journal of fatigue, 61,
87-92. https://doi.org/10.1016/j.ijfatigue.2013.12.007
Shafagati, M., Babapoor, A. & Bamdezh, M. A. (2024).
Enhancing Car Battery Energy Efficiency with Phase
Change Material Nanocomposites: A Concise Review.
Journal of Renewable Energy and Environment (JREE),
11(2), 74-88.
https://doi.org/10.30501/jree.2023.370499.1500
Stephens, R. 1., Fatemi, A., Stephens, R. R., & Fuchs, H.
O. (2000). Metal fatigue in engineering. John Wiley &
Sons. https://www.wiley.com/en-
us/Metal+Fatigue+in+Engineering%2C+2nd+Edition-p-
9780471510598

Suh, M. S., Nahm, S. H., Suh, C. M., & Pyun, Y. S.
(2022). VHCF, Tribology Characteristics and UNSM
Effects of Bainite and Martensite Spring Steels. Metals,
12(6), 901. https://doi.org/10.3390/met12060901

Tekeli, S. U. L. E. Y. M. A. N. (2002). Enhancement of
fatigue strength of SAE 9245 steel by shot peening.
Materials letters, 57(3), 604-608.
https://doi.org/10.1016/S0167-577X(02)00838-8
Todinov, M. T. (2000). Residual stresses at the surface of
automotive suspension springs. Journal of materials
science, 35, 3313-3320.
https://doi.org/10.1023/A:1004887708822

Torkian, S., Shafyei, A., Toroghinejad, M. R., & Safari,
M. (2022). Effect of Deep Cryogenic Treatment on
Hardness and Wear Behavior of 5120 AISI Steel. Journal
of Advanced Materials in Engineering (Esteghlal), 35(3),
57-67. https://doi.org/10.18869/acadpub.jame.35.3.57
Yamada, Y., & Kuwabara, T. (2007). Materials for
springs. Springer Science & Business Media. ISBN-10:
3540738118. http://download.e-
bookshelf.de/download/0000/0122/99/L-G-0000012299-
0002345709.pdf

Zhang, J. M., Li, S. X,, Yang, Z. G., Li, G. Y., Hui, W. J.,
& Weng, Y. Q. (2007). Influence of inclusion size on
fatigue behavior of high strength steels in the gigacycle
fatigue regime. International Journal of Fatigue, 29(4),
765-771. https://doi.org/10.1016/j.ijfatigue.2006.06.004



https://doi.org/10.1016/j.matchar.2023.113523
https://doi.org/10.1016/j.matchar.2023.113523
https://doi.org/10.1016/j.matchar.2023.113523
https://doi.org/10.1016/j.matchar.2023.113523
https://doi.org/10.1016/j.matchar.2023.113523
https://doi.org/10.1016/j.matchar.2023.113523
https://doi.org/10.1016/j.matchar.2023.113523
https://doi.org/10.1016/j.matchar.2023.113523
https://doi.org/10.30501/ACP.2024.466016.1154
https://doi.org/10.3390/met14010085
https://doi.org/10.3390/met14010085
https://doi.org/10.3390/met14010085
https://doi.org/10.3390/met14010085
https://doi.org/10.3390/met14010085
https://shop.elsevier.com/books/metal-fatigue-effects-of-small-defects-and-nonmetallic-inclusions/murakami/978-0-12-813876-2
https://shop.elsevier.com/books/metal-fatigue-effects-of-small-defects-and-nonmetallic-inclusions/murakami/978-0-12-813876-2
https://shop.elsevier.com/books/metal-fatigue-effects-of-small-defects-and-nonmetallic-inclusions/murakami/978-0-12-813876-2
https://www.hilarispublisher.com/open-access/empirical-relationship-between-hardness-and-tensile-strength-formedium-carbon-steel-quenched-in-different-media.pdf
https://www.hilarispublisher.com/open-access/empirical-relationship-between-hardness-and-tensile-strength-formedium-carbon-steel-quenched-in-different-media.pdf
https://www.hilarispublisher.com/open-access/empirical-relationship-between-hardness-and-tensile-strength-formedium-carbon-steel-quenched-in-different-media.pdf
https://www.hilarispublisher.com/open-access/empirical-relationship-between-hardness-and-tensile-strength-formedium-carbon-steel-quenched-in-different-media.pdf
https://doi.org/10.1088/1757-899X/1111/1/012041
https://doi.org/10.1088/1757-899X/1111/1/012041
https://doi.org/10.30501/jamt.2021.244156.1117
https://doi.org/10.1016/j.msea.2017.02.080
https://doi.org/10.1016/j.msea.2017.02.080
https://doi.org/10.1016/j.msea.2017.02.080
https://doi.org/10.1016/j.msea.2017.02.080
https://doi.org/10.1016/j.msea.2017.02.080
https://doi.org/10.3390/ma16093327
https://doi.org/10.3390/ma16093327
https://doi.org/10.3390/ma16093327
https://doi.org/10.3390/ma16093327
https://doi.org/10.22067/MA.V28I1.32874
https://doi.org/10.1007/s11663-012-9640-8
https://doi.org/10.1016/j.matdes.2011.10.028
http://www.shotpeener.com/library/pdf/1981071.pdf
https://doi.org/10.1016/S0142-1123(03)00051-3
https://doi.org/10.1016/j.ijfatigue.2013.12.007
https://doi.org/10.1016/j.ijfatigue.2013.12.007
https://doi.org/10.1016/j.ijfatigue.2013.12.007
https://doi.org/10.1016/j.ijfatigue.2013.12.007
https://doi.org/10.30501/jree.2023.370499.1500
https://www.wiley.com/en-us/Metal+Fatigue+in+Engineering%2C+2nd+Edition-p-9780471510598
https://www.wiley.com/en-us/Metal+Fatigue+in+Engineering%2C+2nd+Edition-p-9780471510598
https://www.wiley.com/en-us/Metal+Fatigue+in+Engineering%2C+2nd+Edition-p-9780471510598
https://doi.org/10.3390/met12060901
https://doi.org/10.3390/met12060901
https://doi.org/10.3390/met12060901
https://doi.org/10.3390/met12060901
https://doi.org/10.1016/S0167-577X(02)00838-8
https://doi.org/10.1023/A:1004887708822
https://doi.org/10.18869/acadpub.jame.35.3.57
http://download.e-bookshelf.de/download/0000/0122/99/L-G-0000012299-0002345709.pdf
http://download.e-bookshelf.de/download/0000/0122/99/L-G-0000012299-0002345709.pdf
http://download.e-bookshelf.de/download/0000/0122/99/L-G-0000012299-0002345709.pdf
https://doi.org/10.1016/j.ijfatigue.2006.06.004

Journal of Advanced Materials and Technologies: Vol. 14, No. 1, (Spring 2025), 28-42

Journal of Advanced Materials and Technologies

Materials and Energy
Research Center

Journal Homepage: www.jamt.ir MERC

Original Research Article - Extended Abstract

Preparation and Characterization of an Injectable Thermosensitive Pluronic
F127 Hydrogel for Targeted Drug Delivery in Cancer Treatment

Mahtab Farzaneh'*'*, Sayed Ali Hassanzadeh-Tabrizi"*' 2*, Nader Mokhtarian “*'3

! Master of Biomedical Engineering Graduate, Institute of Manufacturing Engineering and Industrial Technologies, Na.C, Islamic Azad University,
Najafabad, Isfahan, Iran.
2Professor, Institute of Manufacturing Engineering and Industrial Technologies, Na.C, Islamic Azad University, Najafabad, Isfahan, Iran.
3 Assistant Professor, Department of Chemical Engineering, Shahreza Branch, Islamic Azad University, Shahreza, Isfahan, Iran.

*Corresponding Author’s Email: hassanzadeh@iau.ac.ir, hassanzadeh@pmt.iaun.ac.ir (Sayed Ali Hassanzadeh-Tabrizi)

Paper History:
Received: 2025-02-05
Revised: 2025-03-12
Accepted: 2025-05-26

Abstract In this study, an injectable hydrogel made from Pluronic F127 containing Doxorubicin (DOX), with
thermosensitive properties for localized drug delivery, was prepared using the cold method. The effects of hydrogel
concentration on gelation temperature and viscosity, as well as the effect of temperature on drug release rate, were
investigated. Different concentrations of F127 hydrogel were evaluated for viscosity and other characteristics, and

Keywords: Doxorubicin release was studied at body temperature (37°C) and tumor temperature (43°C). The optimal
Hydrogel, - concentration of F127 hydrogel was selected as 20% wi/v, and its rheological and drug release properties were
Ef;?r“b'c'”' examined. The hydrogel was characterized using Fourier Transform Infrared (FTIR) and X-Ray Diffraction

Cancer,
Temperature Sensitive

(XRD), and examined through Field Emission Scanning Electron Microscopy with Electrophoretic Light
Scattering (FE-SEM/EDS). The drug release assay results indicated successful Doxorubicin release at both

temperatures. The release increased by 18-20% with temperature rise, which is significant for malignant tumor
treatment. The MTT assay results showed that the drug-containing hydrogel reduced cancer cell viability, with
only 32% of the cells surviving after 72 hours in culture.
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1. INTRODUCTION

Cancer is a fatal disease that affects a large number
of people worldwide and has attracted considerable
attention in recent decades. This disease occurs when a
person’s cells grow uncontrollably and migrate to other
areas of the body. Current treatment methods, including
surgery, chemotherapy, and radiotherapy, have played
an effective role in increasing patient survival. However,
these methods have numerous side effects that are often
problematic for patients. Chemotherapy, one of the most
common methods, involves the administration of
anticancer drugs either orally or by injection. In this
method, the drug enters the bloodstream directly and
penetrates all tissues and organs, which leads to severe
side effects such as hair loss, nausea and vomiting, and
immune system suppression. In addition, these
treatments can interfere with the treatment process and
reduce its ineffectiveness, as the drug diffuses
throughout the bloodstream and its concentration in the
tumor tissue decreases. Therefore, the treatment must be
repeated and prolonged, which in turn increases the side
effects (Abbas et al., 2018). In this regard, developing a
system that can deliver drugs directly and locally to
cancer tumors can be an effective alternative. The use of
nanoparticles, liposomes, micelles, etc., has attracted the
attention of researchers. For example, nanoparticles
have been shown to improve the gene therapy process
(Moniri et al., 2022). Recent research suggests that one
of the best options for designing such drug delivery

systems is temperature-sensitive injectable hydrogels,
which can overcome the limitations of conventional
methods and deliver drugs specifically to tumors (Sung
et al., 2020). According to the results of numerous
studies, temperature-sensitive hydrogels, one of the
newest and most promising drug delivery systems,
enable the localized release of chemotherapy drugs and
at the exact tumor site due to their properties such as
swelling and phase change at specific temperatures. For
example, in a study conducted by Kazemi et al. (2022),
the construction of an injectable, temperature-sensitive
hydrogel scaffold made of chitosan/gelatin and glycerol
phosphate was investigated. Owing to its high
conductivity, this hydrogel increases the transmission of
electrical pulses and accelerates the process of cardiac
cell growth and cardiac tissue formation (Kazemi et al.
2022). These hydrogels can release drugs as temperature
increases and therefore appear to be particularly useful
in treating certain cancers, including high-temperature
tumors (Norouzi et al., 2016). In addition to the benefits
mentioned above, use of such hydrogels reduces the
systemic circulation of the drug as well as the dose and
frequency of administration. Cancerous tumors
generally exhibit higher temperatures compared to
healthy tissues (37°C), with temperatures in some
tumors rising to 42°C. Pluronic F127 (also known as
poloxamer) is a triblock copolymer composed of
hydrophobic propylene oxide (PPO) and hydrophilic
ethylene oxide (PEO). Since PF127 possesses both
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hydrophilic and hydrophobic properties, it can form a
gel in aqueous solutions at a Critical Micelle
Concentration (CMC). Therefore, this study can be used
as an effective step toward developing smart and
targeted drug delivery systems in cancer treatment,
especially for cancers characterized by high tumor
temperatures.

2. MATERIALS AND METHODS

Preparation of this hydrogel is generally carried out
using either a hot or cold method. In this study, the
desired hydrogel was prepared using the cold method.
Briefly, to obtain about 6 g of gel with a w/v
concentration of 20%, 1 g of F127 powder was dissolved
in 5 ml of ultrapure distilled water. First, the powder was
slowly added to the water in two stages and then stirred
in an ice bath for 1 hour. To prepare hydrogels with
different concentrations, the amount of F127 powder
was kept constant, and varying the amount of water
allowed for the preparation of lower or higher
concentrations. For drug loading, a solution containing
0.002 mg of doxorubicin (DOX) was prepared in 4 ml
of deionized water (equivalent to 500 ppm). After
complete dissolution, the DOX solution was placed in
an ice bath, and 1 g of Pluronic F127 powder was added
to the solution to obtain a hydrogel with a wiv
concentration of 20%.

To characterize the F127 hydrogel, FTIR
spectroscopy was performed on the pure F127 dry
hydrogel and F127 powder using a Jasco 6300
spectrometer (Japan). The microstructures and
morphology of the F127 hydrogel were observed using
Field Emission Scanning Electron microscopy equipped
with Electrophoretic Light Scattering (FE-SEM/EDS),
MIRA TESCAN model. The crystal structures of F127
were examined using X-Ray Diffraction (XRD) from
20° to 80° (26) with monochromatic Cu Ka radiation (A
=1.5406 A) and a scan rate of 2°/min.

3. RESULTS AND DISCUSSION

In XRD, the main peaks of F127 at 23.35 and 18.38
degrees indicate the relative crystalline structure of
F127, while the smaller peaks indicate the minor
amorphous phases in the sample. The FESEM images
show the irregular and heterogeneous structure of the
F127 hydrogel, indicating the presence of pores that
facilitate fluid exchange. The results of EDS analysis
also confirm carbon and oxygen as the main components
of the F127 hydrogel. Viscometry results also show that
the viscosity of the hydrogel increases with increasing
concentration and temperature. At higher temperatures
(35°C), F127 molecules transform into micelles and
exhibit pseudoplastic behavior. This phenomenon is
consistent with the findings from other studies, which
show that the appropriate viscosity for the injection
process ranges between 30-100 Pa.s, while the minimum
viscosity required for hydrogel stability in the body is
400 Pa.s. These results align with studies investigating
the rheological behavior of F127 hydrogels under
different conditions (Figure 1).

Moreover, the effect of different concentrations of
F127 hydrogel on the gelation temperature and tube
inversion test was investigated. The results showed that
increasing the F127 concentration led to a decrease in
the gelation temperature and, consequently, a decrease

in Liquid Critical Solution Temperature (LCST). In
addition, incorporation of Doxorubicin (DOX) to F127
did not significantly affect gelation behavior. F127
hydrogels transform from a dispersed micelle state to a
dense, three-dimensional hydrogel network structure as
the temperature increases, which is influenced by
temperature and hydrophobic interactions between
polymer chains.
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Figure 1. Viscometry test diagram of pure F127 hydrogel at
different temperatures

The low viscosity of the hydrogel in the solid state
allows for therapeutic applications such as injection.
After injection, at body temperature, a pseudoplastic
property is formed, and the drug release is ensured.
Doxorubicin absorption and release experiments
showed that the drug release increases upon increasing
temperature and is higher at 43 °C than at 37 °C. This is
attributed to the physical and structural characteristics of
the hydrogel at different temperatures (Figure 2).
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Figure 2. Doxorubicin release in a period of 72 hours at
normal body temperature and at the temperature of malignant
tumors

4. CONCLUSION

In this study, a thermosensitive injectable hydrogel
made of Pluronic F127 was successfully fabricated to
carry doxorubicin for tumor treatment. The results
confirmed the successful dispersion of DOX in the
Pluronic F127 hydrogel. The F127 gel was characterized
using FE-SEM/EDS, XRD, FTIR, viscometry, and UV-
vis spectroscopy. Contact between F127 gels and
OVCARS cells showed no toxicity, while the addition
of DOX to the hydrogel decreased the viability of cancer
cells. The results of the drug release assay demonstrated
that 50% of the drug inside the gel was released when
exposed to normal body temperature (37°C), and when
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the system temperature was increased to 43°C (tumor
temperature), the drug release rate rose to about 75%.
These results confirmed that the produced DOX/F127
can be used as a promising agent for targeted and
localized drug delivery applications.
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Abstract Gas turbine components are predominantly manufactured from nickel-based superalloys. Operating
under harsh conditions, these parts suffer from edge wear and reduced efficiency. Given the high cost of
replacement, research into the cladding, refurbishment, and reusability of damaged components is of significant
importance. While most existing studies have focused on Direct Energy Deposition (DED) techniques for cladding,
Laser Powder Bed Fusion (LPBF) has received less attention. This study investigates the deposition of IN625 on
a non-weldable IN738 substrate using LPBF, emphasizing its advantages over DED. The mechanisms of defect
formation during manufacturing, along with their evaluation and control methods, are examined. To mitigate

Keywords:
Gas Turbine Blade,
Microhardness,

Cladding, substrate-related defects, solution annealing and homogenization heat treatments were applied. To control defects
IN625, in the deposited layer, process parameters such as scan speed and laser power were varied. Microhardness, as an
IN738 indicator of mechanical performance at the cladded edges, was measured. The results revealed that microhardness

is influenced not only by elemental concentration gradients but also by the cooling rate and the resulting cellular
structure size. Consequently, an existing model from the literature, which correlates microhardness with elemental
composition, was reassessed and modified. It was found that in dissimilar material joints, within a certain energy
range, hardness becomes independent of composition and is instead governed by cell size. While the existing model
from the literature fails to capture this behavior, the modified equation proposed in this study accurately predicts
microhardness under such conditions.

https://doi.org/10.30501/jamt.2025.515817.1325 URL.: https://www.jamt.ir/article_223316.html

1. INTRODUCTION

Nickel-based superalloys in gas turbines face
damage under extreme conditions, making cost-
effective repair methods essential (Donachie &
Donachie, 2002; Gao et al., 2008; Basak et al., 2016).
While DED is commonly used for such repairs, Powder
Bed Fusion (PBF) offers superior precision and lower
defect rates (Bian et al., 2017). However, challenges like
cracking and porosity—especially in non-weldable
alloys like IN738—Ilimit its application (Benoit et al.
2021; Ramakrishnan & Dinda, 2019). Pre-treatment and
process control can reduce these defects (Henderson et
al., 2004; Hojjatzadeh et al., 2019). In addition,
microhardness is influenced not only by composition
(DebRoy et al., 2018; Hisazawa et al., 2017) but also by
cooling rate and cell size during solidification (Carter et
al., 2014; Jiang et al., 2020). This study investigates the
combined effects of process parameters on
microstructure and hardness in IN625 layers on IN738
substrates.

2. MATERIALS AND METHODS
An IN738LC gas turbine blade was sectioned and
solution-annealed at 1210 °C for 4 hours, then quenched

to reduce residual phases. The prepared substrate was
polished and mounted on an SLM Noura M100
machine. IN625 powder (15-53 um) was deposited
using LPBF under varied power (100-200 W) and scan
speeds (100-1000 mmy/s). The build consisted of four
layers with 30 um thickness and 67° rotation.
Metallographic analysis included optical and SEM
imaging, EDS for composition profiling, and
microhardness testing per ASTM E384-22. ImageJ and
Minitab were used for phase quantification and
statistical analysis.

3. RESULTS AND DISCUSSION

Solution annealing of IN738LC reduced carbides
and y' phases, improving structural homogeneity and
minimizing cracking risk. Defects observed in the LPBF
process included spherical gas pores and irregular lack-
of-fusion pores, both strongly influenced by laser power
and scan speed. Cracks formed primarily at the interface
or within the substrate, especially at high energy input,
due to thermal gradients and brittle phases.
Microhardness varied with both elemental composition
and cooling rate. While the model developed by DebRoy
et al. (DebRoy et al., 2018) model predicted hardness
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from elemental content, it could not fully explain the
experimental results. Figure 1 compares predicted and
measured hardness trends, showing good correlation in
trend but significant deviation in values—highlighting
the importance of considering cooling rate.

Figure 2 shows that solidification cell size increased
from 0.85 pm to 1.7 um as power rose from 100 W to
150 W, then remained constant at 200 W due to changes
in melt pool geometry and heat transfer. This
stabilization helped explain why hardness plateaued or
decreased at higher powers despite greater energy input.
To improve hardness prediction, a new empirical model
was developed based on both equivalent Ni content ()
and solidification cell size (D).

1400

Figure 3 demonstrates that this model fits
experimental data more accurately, capturing the
combined effects of chemistry and microstructure.

4. CONCLUSION

Solution annealing of IN738LC improved structural
homogeneity and reduced defect formation. Process
parameters significantly affected pore and crack
formation, with distinct mechanisms for each. Existing
models based only on composition were insufficient for
predicting microhardness. By incorporating both
elemental concentration and solidification cell size, a
new model was proposed that reflects the observed
hardness trends in dissimilar IN625/IN738 LPBF joints
more accurately.
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Figure 1. Variations of interfacial microhardness with scan speed and laser power

Figure 2. Dendritic cells at scan speed 100 mm/s, power: a) 100 W, b) 150 W, ¢) 200 W
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Abstract This study explores a carrageenan-Gallic acid scaffold incorporating halloysite nanotubes loaded with
erythromycin for potential applications in skin tissue engineering. In this regard, erythromycin was encapsulated
within halloysite nanotubes, and scaffolds containing 1, 3, and 5 wt% carrageenan were fabricated using the freeze-
drying technique. The physicochemical and biological properties of the scaffolds were evaluated through scanning
electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), mechanical strength assessment,
water absorption capacity, degradation rate analysis, antibacterial activity, antioxidant properties, and fibroblast
cell viability and migration assays. According to the SEM results, the porosity percentages of the scaffolds
containing 1, 3, and 5 wt% carrageenan were calculated as 62.43+1.8%, 69.28+2.1%, and 71.28+3.9%,
respectively. An increase in carrageenan content led to a rise in pore size and porosity, which consequently
enhanced water absorption, accelerated degradation, and improved fibroblast cell viability and migration.
However, a reduction in compressive strength and Young’s modulus was observed. The antibacterial evaluation
demonstrated that the scaffold with 5 wt% carrageenan exhibited superior antibacterial efficacy due to increased
drug release. Additionally, the antioxidant analysis revealed that the scaffold containing 1 wt% carrageenan
exhibited the highest antioxidant activity, which was attributed to the greater release of Gallic acid. Overall, the
scaffold with 5 wt% carrageenan demonstrated optimal biocompatibility, superior antibacterial properties, and
enhanced fibroblast viability and migration, making it a promising candidate for skin tissue engineering

applications.
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1. INTRODUCTION

Natural and synthetic polymers have been widely
used as biomaterials for the fabrication of scaffolds in
skin tissue engineering (Liu et al., 2020). Carrageenan is
a hydrophilic polysaccharide known for its high strength
and good compatibility, making it suitable for wound
dressings (Rode et al., 2018). Gallic acid is a colorless
or slightly yellow crystalline compound with
antioxidant, antimicrobial, and anticancer properties.
The composite obtained from the synthesis of these two
groups has gained significant attention due to its
biodegradability, high biocompatibility, and favorable
mechanical properties

2. MATERIALS AND METHODS

Carrageenan and gallic acid scaffolds were
synthesized in three ratios: CiGi, C3Gi, and CsGi.
Halloysite nanotubes loaded with erythromycin were
then added to the scaffolds.

3. RESULTS AND DISCUSSION

Scanning electron microscopy (SEM) images
revealed that the lowest porosity was observed in the
sample with the lowest carrageenan content (Figure 1).

Figure 1. SEM images of the scaffold at 200 um
magnification.

FTIR analysis confirmed the presence of
carrageenan, gallic acid, erythromycin, and halloysite
nanotubes (Figure 2). In the compressive strength test,
the highest modulus was observed in the C;G sample,
which was 2.12 + 0.38 kPa. With an increase in the
carrageenan ratio, this value decreased to 1.47 + 0.11
kPa in the C3G; sample and 1.39 + 0.16 kPa in the CsG;
sample.

The drug release test for erythromycin from the
scaffolds revealed that the highest drug release was
observed in the CsG; sample, and the C3G; sample also
showed a higher drug release compared to the CiG;
sample (Figure 3).
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Figure 2. FTIR spectrum of carrageenan-gallic acid scaffolds
containing halloysite nanotubes loaded with erythromycin.
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Figure 3. Graph of the drug release concentration from the
scaffolds at 6, 10, 24, and 72 hours.

The results of the water absorption test of the
scaffolds showed that the lowest water absorption was
observed in the C;G; sample. Since carrageenan is a
hydrophilic polymer, as the amount of this polymer in
the scaffold structure increases, the water absorption
also increases (Figure 4).
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Figure 4. The water absorption percentage of the samples
after 24 hours of immersion in deionized water.

The degradation rate of the scaffolds showed that the
highest degradation occurred in the CsG; sample. This
can be attributed to the larger pore size and higher
porosity percentage, as well as the weaker mechanical
properties of this scaffold compared to the other
samples. The lowest degradation was observed in the
C1G: sample, which also exhibited the best mechanical
properties according to the mechanical tests (Figure 5).
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Figure 5. Scaffold degradation percentage chart over 6, 10,
24, and 72 hours.

The results of the antibacterial test indicated that all
three scaffolds showed significant inhibitory effects
against Staphylococcus aureus. However, the reduction
rate for Gram-negative bacteria was lower than for
Gram-positive bacteria. This can be attributed to the
greater effectiveness of erythromycin and gallic acid
against Gram-positive bacteria (Figure 6).
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Figure 6. Bacterial viability reduction percentage chart for
Staphylococcus aureus and Escherichia coli exposed to the
scaffolds.

Antioxidant activity of the scaffolds shows that the
highest antioxidant activity was observed in the first
sample, C1G1, which contains a 1:1 ratio of carrageenan
to gallic acid (Figure 7).
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Figure 7. Bar chart of the antioxidant percentage of the
scaffolds.
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The results of the MTT assay also showed that
increasing the carrageenan content in the scaffold
composition—and consequently the hydrophilicity—
led to an increase in fibroblast cell viability, with the
CsG; sample exhibiting the highest cell viability.
Furthermore, DAPI staining of the samples confirmed
these findings. In the scratch assay, cell migration ability
was evaluated, and again, the CsG; sample demonstrated
superior migration capacity compared to the other
samples (Figure 8).

150 Hl Control
ClGl
GG,
B CG
= 100 A
S —— -
4 -
E
=
» 50
0

24 hours 72 hours

Figure 8. Fibroblast cell viability chart in response to the
scaffolds over 24 and 72 hours.

4.CONCLUSION

The results of this study showed that the properties
of the carrageenan-gallic acid scaffold containing
halloysite nanotubes loaded with erythromycin in a 5:1
ratio could serve as a suitable scaffold for skin tissue
engineering applications.
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Abstract Bacterial infections remain a leading cause of mortality worldwide, exacerbated by the overuse of
antibiotics, which has driven the emergence of antimicrobial resistance. Recent advancements in biocompatible
ceramic drug delivery systems aim to enhance antibiotic efficacy against resistant bacteria. This study focuses on
the successful coating of copper oxide (CuO) nanoparticles onto mesoporous silica microspheres and the
evaluation of their antibacterial properties. The synthesized CuO@SiO: system was characterized using various
techniques, including X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and antibacterial assays. XRD analysis revealed
distinct peaks for CuO@SiO- at 36.5°, 39.5°, and 68.2° (20), corresponding to the (002), (111), and (202) crystal
planes, respectively, with a crystallite size of approximately 17 nm, in contrast to the amorphous silica structure.
FESEM images confirmed the spherical morphology, microscale size (~1.2 pm), and porous structure of the
samples, while EDS analysis indicated a copper content of 4-13 wt%, with elemental mapping demonstrating
uniform copper distribution. Antibacterial testing (colony counting method) exhibited over 99% bacterial
inhibition against both Escherichia coli and Staphylococcus aureus after 24 hours for CuO@SiO:. Owing to its
porous structure and potent antibacterial activity, this microscale drug delivery system shows significant potential
as a versatile carrier for various therapeutic agents, enhancing treatment efficacy for infections and wound healing

applications.
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1. INTRODUCTION

Bacterial infections now rank among the top ten
causes of mortality worldwide, posing a serious threat to
public health. Over the past decades, antibiotics have
proven highly effective in controlling these infections;
however, their widespread and often indiscriminate use
has given rise to an even greater challenge: bacterial
resistance. In response to this growing crisis, the design
of novel drug-delivery platforms capable of both carrying
therapeutic agents and exerting intrinsic antimicrobial
effects has become a key focus in biomedical research
(Nicolosi et al., 2015). Porous silica microspheres have
emerged as promising drug carriers owing to their high
specific surface area, tunable pore size, and highly porous
architecture, which together facilitate efficient loading
and controlled release of molecular cargos (Chen et al.,
2004). Meanwhile, copper oxide (CuO) nanoparticles,
particularly in the tenorite (monoclinic) phase have
attracted considerable attention for their unique
physicochemical and antimicrobial properties. Tenorite’s
stability, semiconductor behavior, and strong oxidative
activity not only make it invaluable in electronics,
catalysis, and sensing applications, but also render it a
powerful antimicrobial and oxidative agent (Takele
Assefa et al., 2024). In this study, we report the synthesis
of a multifunctional antibacterial delivery system in
which tenorite-phase CuO nanoparticles are uniformly
deposited onto the surface of porous silica microspheres.
This hybrid platform enables the co-loading of various

therapeutic molecules while releasing bioactive copper
ions that exert significant bactericidal effects. Such a
system holds great promise for the treatment of bacterial
and fungal infections as well as for enhancing the healing
of diverse wound types.

2. MATERIALS AND METHODS

All reagents were obtained from Merck (Germany):
tetraethyl orthosilicate (TEOS) served as the silica
precursor for forming the porous microsphere
framework; ammonium hydroxide (NH«OH) was
employed to adjust the reaction pH and catalyze the sol—
gel process; cetyltrimethylammonium bromide (CTAB)
acted as the structure-directing surfactant to template
mesopore formation; and copper(Il) nitrate trihydrate
(Cu(NOs3)2:3H20) provided the copper source for in situ
generation of tenorite-phase CuO nanoparticles.

2.1. Porous SiO:2 and Cu@SiO: Synthesis

Porous silica microspheres were prepared via a
modified sol-gel route: CTAB was dissolved in
quadruple-distilled water for 30 min, then NHsOH was
added to adjust the pH to 12. After stirring at room
temperature for 1 h, TEOS was introduced dropwise
under an 85 °C oil bath and the mixture was stirred for 8
h. The resulting silica spheres were collected by
centrifugation, washed four times with ethanol, dried at
70 °C for 12 h, and finally calcined at 625 °C for 6 h (15
°C/min ramp) to yield a white porous powder. For CuO
coating, a homogeneous ethanolic solution of TEOS and
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Cu(NO:s)2-3H20 was stirred for 1 h and then added
dropwise to the dried silica microspheres. The mixture
was vacuum-dried for 12 h and calcined under the same
conditions (625 °C, 6 h, 15 °C/min) to produce a uniform,
brown CuO-coated silica powder (Ma et al., 2016;
Rahimabadi et al., 2022 Yaseen et al., 2022).

2.2. Characterization of hydrogels

FTIR spectra (400—4000 cm™") were recorded on KBr
pellets using a PerkinElmer Spectrum 100 to identify
functional groups, and XRD was employed to assess the
amorphous/crystalline nature of the mesoporous silica.
Morphology and elemental composition were examined
by FESEM-EDS on a Tescan Mira3 at 15kV, with
samples drop-cast from ethanol dispersions onto
aluminum foil and silver-sputtered for conductivity.
Antibacterial efficacy was determined by applying 0.4—
1 mL of a 0.5 McFarland (=1.5 x 108 CFU/mL) bacterial
suspension to the samples, incubating for 1, 3, 6, and
24 h, then plating 0.1 mL on TSA and counting colonies
after 24-48 h at 30 + 2 °C; CFU/mL, percent kill, and log
reduction were subsequently calculated.

3. RESULTS AND DISCUSSION

FTIR analysis (Figurel) of the NH«F/CTAB-
templated SiO2 microspheres revealed the characteristic
CTAB bands at 2800-3200cm™ (C-H stretching),
1470cm™* (C-H bending) and 960cm™! (CHs
out-of-plane), which disappeared after calcination and
were replaced by Si—O-Si vibrations at 472, 810 and
1082 cm™, confirming complete surfactant removal and
mesopore formation. Deposition of CuO onto the
calcined SiO: did not noticeably alter these framework
peaks, indicating that the silica network remains intact
during the coating process.

XRD patterns (Figure2) show pristine SiO: as a
broad diffuse halo, characteristic of an amorphous
material. After impregnation with Cu(NOs)2, 24 h stirring
and rapid thermal treatment at 625 °C, the composite
exhibits three sharp diffraction peaks at 26 =36.5°, 39.5°
and 68.2°, assigned to the (002), (111) and (202) planes
of tenorite-phase CuO (JCPDS 45-0937). Application of
the Debye—Scherrer equation gives an average CuO
crystallite size of ~17 nm, confirming the successful
formation of nanoscale copper oxide on the silica
support.

Morphological examination by FESEM (Figure 3)
shows that both SiO. and CuO@SiO: retain uniform,
spherical particles of ~1.2 um diameter, reflecting the
original CTAB-templated self-assembly. Elemental
mapping  further demonstrates a homogeneous
distribution of Cu alongside Si and O on the microsphere
surface, and EDS quantification (Figure4) indicates
copper loadings ranging from 4 to 13 wt% depending on
the region analyzed.

Antibacterial testing via colony-count assays
(Figure 5) against Escherichia coli and Staphylococcus
aureus revealed complete (100%) bacterial inactivation
after 24 h exposure to CuO@SiO:. This potent biocidal
effect is driven by the sustained release of Cu?" ions from
the tenorite nanoparticles, which disrupt microbial
membranes and interfere with essential enzymatic
processes. These results collectively demonstrate that
CuO@SiO: microspheres combine robust structural

integrity with high antimicrobial efficacy, making them
attractive candidates for infection-control applications.

SiO, (before calcination)

Cu@Sio,

Transmittance (%)

_"\/—/"

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 1. FTIR spectra of SiO: before calcination, SiO- after
thermal treatment, and CuO-coated silica (CuO@SiOz).
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Figure 2. XRD patterns of pristine SiO: and CuO-coated SiO:
(CuO@Si0z2), with the tenorite (CuO) reference phase card.

Figure 3. (a) FESEM images of CuO@SiO: microparticles;
(b, c¢) elemental mapping images from two different regions of
the CuO@SiO- sample.
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Figure 4. EDS spectra of the CuO@SiO: sample showing copper content of (a) 13 wt% and (b) 5 wt%.
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Figure 5. Antibacterial assay results of the CuO@SiO: sample against Escherichia coli and Staphylococcus aureus.

4. CONCLUSION

In this study, we successfully fabricated CuO-coated
mesoporous silica microspheres (CuO@SiO:) and
systematically evaluated their structural and antibacterial
properties. Characterization by XRD confirmed the
presence of the tenorite phase with an average crystallite
size of 17 nm, while FESEM and EDS analyses revealed
uniformly distributed copper (4-13 wt%) on spherical
particles of approximately 1.2 pum with well-developed
porosity. Antibacterial assays demonstrated over 99%
kill rates against Escherichia coli and Staphylococcus
aureus after 24 h. Given their robust structural features,
high copper loading, and potent antimicrobial activity,
CuO@SiO: microspheres constitute a promising
micro-scale drug-delivery platform for the treatment of
bacterial infections and wound healing applications.
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1. X-ray Diffraction
2. Field emission scanning electron microscopy
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Abstract Silicate-based and phosphate-based bioactive glasses (BGs) containing CaO are widely used compounds
in tissue engineering (TE) due to their ability to form a strong bond with the host tissue, favorable dissolution rate,
their effect on the formation of a hydroxyapatite (HA) layer, stimulation of cell growth, and mechanical behavior.
Recently, molecular dynamics (MD) simulation has been used as an efficient method to predict the properties and
structure of BGs in addition to experimental methods. Therefore, in this study, the binary BG composition of
50Si0,-50Ca0 and 50P,05-50Ca0 was studied by MD method. Using the bond distribution function and the
angular distribution function, the size of the interbond angle and the size of the bonds were investigated, and the
distribution of bridging oxygens (BOs) and non-bridging oxygens (NBOs) in two BG compositions was calculated,
which in the 50Si0,-50Ca0 and 50P,0s-50Ca0O were distributed 34.62% and 32.9% of BOs, respectively. Also,
the distribution of Q" values in 50Si0,-50CaO and 50P,0s-50CaO BGs was studied, and in 50Si0,-50CaO and
50P,05-50Ca0 BGs, the distribution of Q? as a suitable criterion for their degradability was 42.9% and 59.03%,
respectively. Meanwhile, the density values for the 50Si0,-50CaO and 50P,0s-50CaO BG compositions were
2.381 and 2.15 g/cm?, respectively, and a higher concentration of calcium ions and a higher pH were reported in
50P,05-50Ca0 than in 50Si0,-50Ca0 BGs. Therefore, according to the mentioned results, S0P,05-50Ca0O BG has
higher degradability and consequently higher ion release than 508i0,-50Ca0O BG due to its higher NBOs and Q*

values.
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1. INTRODUCTION

Bioactive glasses (BGs) are one of the most
significant biomaterials in the field of tissue engineering
(TE), and due to their ability to interact with the body’s
environment, stimulate cell growth by releasing
therapeutic ions, and rapidly form a hydroxyapatite
layer on their surface, they have been widely studied and
used in the restoration of hard tissues such as bone and
teeth (Agrawal & Patel, 2025; Borhan & Esmaceilzadeh,
2023; Jafari et al., 2022; Majumdar et al., 2021; Ren et
al., 2025; Upadhyay et al., 2024).

In addition, the structure and properties of BGs have
been investigated by various methods, such as molecular
dynamics (MD) simulation, which provides detailed
studies at the atomic scale and the investigation of the
BG’s properties in different biological conditions
(Cormack & Du, 2001; Hollingsworth & Dror, 2018;
Tilocca, 2009a).

Therefore, in this study, short-range, medium-range,
and long-range structural differences and their effect on
the biological properties of 50Si0,-50CaO silicate-
based BGs and 50P,0s-50CaO phosphate-based BGs
were investigated using MD simulation.

2. MATERIALS AND METHODS

The force fields used in the simulation of BGs are a
combination of the long-range Coulomb force fields and
short-range Buckingham force fields. The simulation of
the studied samples was performed using the large-scale
atomic/molecular  massively  parallel  simulator
(LAMMPS) software, and the velocity Verlet algorithm
method was used to numerically integrate the equation
of motion with a time step of 1 fs.

3. RESULTS AND DISCUSSION

The final structure obtained from the simulation of
50S and 50P BGs is presented in Figure 1. Also,
according to the results of the bond distribution function,
the average bond length of Si-O, Ca-O, and O-O was
calculated to be 1.605, 2.48, and 2.6 (A), respectively.
According to the results of the bond distribution
function, the average bond length of Si-BO and Si-NBO
was calculated to be 1.62 and 1.58 (A), respectively, and
for P-BO and P-NBO bonds, it was calculated to be
1.655 and 1.476 (A), respectively.

Also, according to the results of the angular
distribution function, reducing the size of the Si-NBO
and P-NBO bonds led to a decrease in the distance of

https://doi.org/10.30501/jamt.2025.515419.1324.
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NBOs relative to each other, creating an electrostatic
repulsion force between them, and consequently
increasing the NBO-Si-NBO and NBO-P-NBO angles
relative to BO-Si-BO and BO-P-BO. According to the
0-Ca-O bond angle, the presence of two peaks in the
range of 60 and 85 degrees in the 50S BG and the
presence of a strong peak at an angle of 90 degrees and
a weak peak in the range of 60 degrees for the S0P BG
was confirmed. Meanwhile, as shown in Figure (2-A),
the coordination number of Si and P atoms relative to O
atoms in the chemical composition of 50S and 50P BG
was calculated to be 4, which is consistent with the O-
Si-O and O-P-O bond angles, and the presence of
tetrahedral local structures in both BGs compositions
was confirmed. In addition, according to Figure (2-B),
the distribution of BOs and NBOs in 50S BG was
reported to be 34.62 and 65.38 percent, respectively, and

in 50P BG, 32.9 and 67.1 percent, respectively. Also,
according to Figure (2-C), in the 50S BG, the Q" values
with n values of 0-4 were calculated to be 4.3, 22.5,42.9,
23.9 and 6.4%, respectively, and for the SOP BG, they
were calculated to be 0.65, 21.29, 59.03, 19.03 and
0.0%. In addition, the densities of the 50S and 50P BGs
were reported to be 2.81 and 2.15 g/cm?, respectively).

4. CONCLUSION

According to the results, S0P BG has a higher
degradation rate due to higher NBO and Q? values,
which leads to higher ion release than 50S BG.
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Figure 1. The structure of A. 50S and B. 50P bioactive glasses.
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Figure 2. The structure of A. 50S and B. S0P bioactive glasses.
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