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Abstract:

Results of experimental testing of the shot peened steel C55 specimens are
presented in this paper. The aim was to establish behaviour of the
compressive residual stresses induced by the shot peening at elevated
temperatures; namely their stability in terms of temperature and time.
Experimental work included verification of the tested material chemical
composition, heat treatment (austenitization at 820 °C + 5 °C for 30
minutes, cooling in the Durixol V70 oil at 20 °C £ 5 °C, high tempering at
450 °C + 5 °C for 120 minutes, followed by cooling in air), tensile tests
according to EN 10002-1 standard, hardness (HRC) measurements, shot
peening with parameters Almen intensity 12A and coverage of 100 %, at the
incidence angle close to 90° with respect to the specimen surface. The
residual stresses state was evaluated by the X-ray diffraction measurement.
It was concluded that the elevated temperature of 130 °C and after
exposure of 100, 500 and 1000 hours, did not cause a significant decrease in
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1. INTRODUCTION

The high-quality carbon steels are important
materials recommended for use in transport
engineering, for example in car construction. These
steels typically have a carbon content of 0.3 to 0.6
wt. %. They also contain beneficial accompanying
elements such as Mn, Si, Cr, which increase their
final useful properties. The high-quality carbon
steels are heat-treated by quenching and high
tempering above 400 °C and the final structure is
sorbitic. With regard to their use, these steels are
subject to high requirements in terms of reliability,
safety, durability in real operation, while
respecting economic and environmental realities
[1,2]. The strategic role in the field of cars, trucks,
vehicles, is to reduce the weight, which contributes
to the reduction of CO, and makes cars, trucks,
vehicles more fuel-efficient. The shot peening can

considerably contribute to vehicle's weight
reduction [3]. It can be applied to a general
geometry without any particular limitations and
may be conveniently used both for Ilarge
production volumes (thus for everyday cars) and
for cars produced in limited numbers (sport cars,
race cars, special cars), where the high
performance is required and the machine
elements are increasingly stressed [3]. The authors
of [4] stated the importance of application of shot
the peening process to obtain the nanocrystal
surface. Description of different shot peening
methods is presented. The influence of the
processes is reviewed on material behavior under
different loading conditions.

Shot peening is a process in which the surface
layer of a material is subjected to cold plastic
deformation. During the cold plastic deformation,
the shape, and dimensions of the grains, which are
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among the most important microstructural factors,
change in the surface layer of the material. The
grain boundaries are insurmountable obstacles to
dislocations’ movement and are places of
dislocations accumulation. In addition, the grain
boundaries themselves are often sources of
dislocations, places of exclusion of impurity atoms
and secondary phases. The result is an increase in
the yield point, ultimate tensile strength, hardness
and fatigue endurance of materials, which
ultimately lead to materials savings and reduced
weight vehicles [3,5-9]. In paper [6], the severe
shot peening (SSP) was applied to the steel
50CrMo4 and its effect in ultra-high cycle fatigue
regime was investigated. Results show an
unexpected significant fatigue strength increase in
the ultra-high-cycle region after the SSP surface
treatment and all the results are discussed in the
light of the residual stress profile and crystalline
size. In [8] the effect of process parameters and
the kinetic energy of severe shot peening, laser
shot peening and ultrasonic nanocrystal surface
modification on the microstructure, as well as the
mechanical properties and fatigue behavior of
nickel-based super-alloy Inconel 718, have been
investigated. Among the applied treatments,
ultrasonic nanocrystal surface modification was
found to be the most efficient one in improving the
mechanical properties (as it led to the most
significant fatigue performance) followed by the
severe shot peening and laser shot peening. In the
paper [9] different shot peening treatments, with
conventional and severe parameters, were
executed on aluminum 6063 alloy to assess the
differences induced in the microstructure of the
surface layer and to evaluate their effects on
fatigue behavior. The obtained results proved the
notable influence of the shot peening parameters
on microstructure of the surface layer, which, at
the same time, influences the fatigue behavior
obtained by the rotating bending fatigue tests.

The decisive parameter of shot peening is the
value of induced compressive residual stresses. In
study [10] the AI7075-T6 bars have been shot
peened with parameters much different from
those used for the conventional shot peening.
Measurements indicate the notable improvements
in cases of hardness and elastic modulus in
comparison to the untreated materials. The results
imply that using the optimized shot peening
parameters (induce compressive residual stresses)
can increase the fatigue life and any other property
affected by the grain size.

In study [11] authors investigated the effect of
kinetic energy of the shot peening process on the
residual stresses to figure out the mechanisms of
fatigue crack initiation and failure. Several versions
of experiments were applied so the obtained
results would include the induced residual stress
and residual stress relaxation.

With regard to use of materials after the shot
peening, the stability of compressive residual
stresses at elevated operating temperatures is an
important factor [12-23]. The authors of the works
[12-14] stated that the extent of residual stress
relaxation is controlled by the thermal and
mechanical processes. Authors of [15] stated that
the experimental results showed that the peening
effects, in the peened alloy 600, are valid at high
temperatures below approximately 538 °C.
Stability of the compressive residual stresses at
elevated temperatures (> 596 K) has been clarified.
In study [17] was shown that the residual stresses
were not completely released, even after
annealing at the highest aging temperatures (200 —
400 °C for 2 hours), which meant that the shot
peening could enable Ni — Al bronze alloys to keep
the excellent thermal stability of beneficial
compressive residual stresses. In study [18] was
reported that the superalloy GH742 was annealed
at different temperatures and the stability of the
surface residual stresses at high temperatures was
investigated. The laser peening exhibits the better
stability of compressive residual stresses in
comparison to the shot peening. The authors of
[19] have shown, for the quenched and tempered
steel 42CrMod4, that the fatigue strength increased
with increasing peening temperature. This s
caused by slightly higher compressive residual
stresses in the new surface area. In study [20] the
carbon nanotubes (CNTs) reinforced Al-Mg-Si alloy
composite was made and shot peened. The
variation law of residual stresses with annealing
time, at elevated temperatures (150 °C, 200 °C and
250 °C), was investigated. The addition of the CNTs
could improve the thermal stability of the macro
residual stresses created by shot peening. The
authors of [21] obtained results that the highly
dense dislocation structure and high compressive
stresses, induced by the laser shock peening,
significantly improved the high-temperature
fatigue performance of the 7075-aluminum alloy.
In study [22] authors investigated application of
the laser shock peening (LSP) to improve the
fatigue life of ATl 718 Plus, at high temperature of
650 °C. The retained residual stresses and the
stable microstructure from the LSP increased the
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yield strength approximately for 14 % (140 MPa)
and endurance limit close to 40 % (90 MPa) in
corresponding test at 650 °C. The thermal-
mechanical residual stress relaxation indicates
effectiveness of the LSP in improving the fatigue
life of 718 Plus at 650 °C. Laser shock peening was
carried out to reveal its effects on ASTM:410L00
C(r) 12 microstructures and fatigue resistance in
the temperature range 25 — 600 °C. Results show
that a deep layer of compressive residual stresses
was developed by the laser shock peening and,
ultimately, the isothermal stress-controlled fatigue
behavior was significantly enhanced. The results
can serve as indicators of the fatigue strengthening
mechanism of components at the elevated
temperatures [23].

2. EXPERIMENTAL INVESTIGATION

The experimental investigation in this study was
focused on stability, in terms of temperature and
time, of the compressive residual stresses
introduced into the high-quality steel by the shot
peening. Verification of the chemical composition
of the experimental material - chemical analysis -
was performed by the spark emission on a
SPECTROMAXx device. The experimental material
was subsequently heat treated by the following
processes: austenitization at 820 °C + 5 °C for 30
minutes, cooling in the Durixol V70 oil at 20 °C %
5 °C, high tempering at 450 °C £+ 5 °C for 120
minutes, followed by cooling in air. After the heat
treatment, the specimens for the tensile tests
were prepared by the chip machining. The round
cross-section specimens of diameter d = 10 mm
were used. The shape and dimensions of the test
specimens fulfilled the requirements of the EN
10002-1 standard. Three specimens were used.
The tensile tests were carried out on a ZWICK Z050
testing machine at an ambient temperature of T =
20 + 5 °C, with the loading range F = 0 — 20 kN and
the strain rate em= 103s. The HRC hardness was
measured on an RR-1DAQ hardness tester; average
value from five measurements is given. The
specimens, substrates, were prepared by the
grinding procedure. Their surface was mechanically
treated by shot peening with parameters Almen
intensity 12A, coverage 100 %, chosen according to
[24]. Cast steel shots of diameter 0.42 mm were
used for the treatment at the incidence angle close
to 90° with respect to the specimen surface. To
study the stability of the compressive residual
stresses, specimens of a length of 70 mm and a
diameter of 10 mm were used, see Fig. 1.

ZJO

Fig. 1. Shape and dimensions of specimens for the
study the stability of the compressive residual stresses

The residual stress state was evaluated by the
X-ray diffraction measurement. The ProtoiXRD
device was used for the measurements, using the
CrKa radiation with an irradiated area of 0.5 mm?.
The diffraction signal from {222}a planes was
collected at 26 = 156.9°. The measurements were
carried out using the sin2y method, with nine
inclinations in the range + 39°. The measurements
were carried out in axial (@ = 0°) and tangential (@
= 90°) directions. To obtain the depth profile of the
residual stresses' distribution, the surface was
gradually removed by electrolytic polishing. The
stability of the compressive residual stresses, at
temperature of 130 °C and after 100, 500 and 1000
hours, was determined.

3. RESULTS AND DISCUSSION

The chemical composition and mechanical
properties of experimental material, high-quality
steel (demonstrated by experiment vs. material
standard) is shown in Table 1 and Table 2
respectively. The experimental material was in
accordance with the material standard (CSN 41
2060, Ck 55, W. Nr. 1.1203) [25].

Table 1. Chemical composition of experimental material
(in wt. %)

Steel Chemical composition
grade C Si Mn P S
Exper. | 1597 | 0398 | 0.860 | 0.037 | 0.014
material
Standard 0.52- | 0.17- | 0.50- max. max.
0.60 0.37 0.80 0.040 0.040
Cr Mo Ni Cu Fe
Exper. | 0345 | 0033 | 0193 | - Bal.
material
max. max. max.
Standard | 55 ; 030 | 030 | 2

19




M. Vicen et al. / Applied Engineering Letters Vol.8, No.1, 17-23 (2023)

Table 2. Mechanical properties of the experimental
material

Property
Yield point (MPa) 1540
Ultimate tensile strength (MPa) 1686
Elongation (%) 10.1
Hardness (HRC) 49

This experimental material — steel C55 — is also
characterized by the Si content, which increases
the ultimate tensile strength, mainly the vyield
strength; Mn, which increases the hardenability
and Cr, which increases the hardenability and
inhibits the tempering processes [1,25].

The microstructure after the heat treatment
(quenching and high tempering), Fig 2, was sorbitic
formed by ferrite and cementite, in accordance
with [26].

"
Fig. 2. Microstructure of the C55 steel, etched by the
3 % Nital, a) general view, b) detail

The specimens’ surface was mechanically
treated by grinding. The initial state of
compressive residual stresses, after the grinding at
temperature 20 °C, is shown in Fig. 3. The
maximum value of the compressive residual
stresses was about — 175 MPa and with increase of

measurement’s depth it slowly decreased and
reached value close to zero, at approximately 0.2
mm under the surface. The surface layers of the
specimens after the shot peening are characterized
by the compressive residual stresses.

-B-axial

Residual stresses (MPa)

-#—tangential

0 0,05 01 0,15 0,2 0,25 03
Depth (mm)

Fig. 3. Compressive residual stresses, initial state, 20 °C

The compressive residual stresses, determined
at temperatures of 20 °C and 130 °C, after 100, 500
and 1000 hours are shown in Fig. 4 and Fig. 5. The
experimental material, high-quality carbon steel
(Tables 1 and 2) is used in car construction where
the maximum operating temperature of 100 °C is
assumed [3]. Therefore, a slightly higher
temperature, namely 130 °C, was chosen as the
experimental temperature.

-100  -#-SP,20°C

-#-SP, 130 °C/100h
~+-SP. 130 °C/500h
~+-SP, 130 °C/1000h

Residual stresses (MPa)

0 0.05 0.1 0.15 02 025 03 035 04
Depth (mm)
Fig. 4. Compressive residual stresses, temperatures
20 °C, 130 °C and after 100, 500 and 1000 hours, axial
direction

From Fig. 4 and Fig. 5 can be seen that with
increase of measurement’s depth, the values of
the compressive residual stresses slowly increase
and at a depth of approximately 0.11 — 0.16 mm
reach maximum values: in the axial direction from
— 786 MPa to — 857 MPa and in the tangential
direction from — 733 MPa to — 783 MPa.
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-8-SP, 20 °C ? .
#-SP, 130 °C/100h
-200 SP, 130 °C/500h

SP, 130 °C/1000h

-100

-300
-400

-500

-600 \, \
700 \\ >

"

Residual stresses (MPa)

-800
0 0,05 0.1 015 0.2 025 03 035 04

Depth (mm)
Fig. 5. Compressive residual stresses, temperatures

20 °C, 130 °C and after 100, 500 and 1000 hours,
tangential direction

Beyond this point, the values decrease and
reach values close to zero at a depth of
approximately 0.2 — 0.3 mm under the surface. The
compressive residual stresses levels are in the axial
direction (@ = 0°) and in the tangential direction
(@ = 90°) practically the same. Those facts agree
with the works [3,7,18,24,27]. The authors state
that application of the shot peening can produce
values of the compressive residual stresses up to
the size of the yield strength, usually at depths of
up 0.1 to 0.2 mm (in the present case the value
reached is 0.52 of the yield strength). In the real
applications, components, subjected to operating
conditions at elevated temperatures, may suffer
the thermal relaxation effects, as well. That is the
thermal recovery process in which the elevated
temperatures accelerate annihilation of the crystal
defects and the higher the applied temperatures
the greater the relaxation. In such cases, the time,
temperature, initial residual stresses and material
properties have a profound effect on the resultant
thermal residual stresses relaxation [3].

The obtained results, presented in this work,
point to the fact that at a temperature of 130 °C
after 100, 500 and 1000 hours, there was no
significant decrease or instability of the
compressive residual stresses [15-23].

4. CONCLUSION

Based on results of the experiments carried out,

the following conclusion can be drawn:

e The compressive residual stresses were
realized by the shot peening of the high-
quality carbon steel C55;

e The magnitude of the compressive residual
stresses has reached values of

approximately 0.52 of the vyield point of
tested steel;

e Elevated temperature of 130 °C and times
of 100, 500, 1000 hours, did not cause a
significant decrease in compressive residual
stresses;

e The obtained results could be used in the
construction of vehicles in transport
engineering;

e The future experimental work will be
focused on the effect of cyclic temperature
charges from -25 °C to + 35 °C during the
time intervals of 100, 500 and 1000 hours,
on the resulting values of compressive
residual stresses.

ACKNOWLEDGEMENT

This publication was realized with support of
projects: “Innovative Solutions for Propulsion,
Power and Safety Components of Transport
Vehicles”, code ITMS 313011V334, co-financed by
the European Regional Development Fund and by
project VEGA No. 1/0741/21, UNIZA No. 12771 and
APVV-20-0427 project: New approaches to
improving of fatigue resistance of welds
manufactured from high-strength structural steels.

REFERENCES

[1] P. Skocovsky, P. Palcek, R. Konecna, L.
Varkoly. Construction materials. EDIS-UNIZA,
Zilina, 2000. (In Slovak)

[2] P. SkocCovsky, O. Bokavka, R. Konecn3,
E. Tillova. Materials science. EDIS-UNIZA,
Zilina, 2015 (in Slovak).

[3] S. Baiker, Shot Peening: A Dynamic
Application and Its Future, 3™ Edition. Metal
Finishing News, Wetzikon, 2012.

[4] S. Bagherifard, M. Guagliano, Review of Shot
Peening Processes to Obtain Nanocrystalline
Surface in Metal Alloys. Surface Engineering,
25(1), 2013: 3-14.
https://doi.org/10.1179/026708408X334087

[5] J. Bilik, J. Baca, Mechanical Strengthening of
Surface Layers by Dynamic Shot Peening. In
Conference Metal 2004, Hradec nad Moravici,
2004.

[6] L. Trsko, O. Boklivka, F. Novy, M. Guagliano,
Effects of severe shot peening on ultra-high-
cycle fatigue of a low-alloy steel. Materials
and Design, 57,2014: 103-113.
https://doi.org/10.1016/j.matdes.2013.12.03
5

21


https://doi.org/10.1179/026708408X334087
https://doi.org/10.1016/j.matdes.2013.12.035
https://doi.org/10.1016/j.matdes.2013.12.035

M. Vicen et al. / Applied Engineering Letters Vol.8, No.1, 17-23 (2023)

[7]1 R. Moravcik, M. Hazlinger, M. Palcut, L. Trsko,
F. Pastorek, Surface Engineering. Ales Cenék
s.r.o., Plzen, 2021: pp.195-247.

[8] E. Maleki, O. Unal, M. Guagliano, S.
Bagherifard, The Effect of Shot Peening, Laser
Shock Peening and Ultrasonic Nanocrystal
Surface Modification on the Fatigue Strength
of Inconel 718. Materials Science and
Engineering: A, 810, 2021: 141029.
https://doi.org/10.1016/j.msea.2021.141029

[9] J. Gonzdles, S. Bagherifard, M. Guagliano, I.F.
Pariente, Influence of Different Shot Peening
Treatments on Surface State and Fatigue
Behavior of Al6063 Alloy. Engineering Fracture
Mechanics, 185, 2017: 72-81.
https://doi.org/10.1016/j.engfracmech.2017.0
3.017

[10] M. Guagliano, S. Bagherifard, I. F. Pariente, R.
Ghelichi, Effects of Severe Air Blast Shot
Peening on Microstructure and Residual Stress
State of Al Slloys. Key Engineering Materials,
417-418, 2010: 393-396.
https://doi.org/10.4028/www.scientific.net/K
EM.417-418.393

[11] P. Krull, T. Nitschke-Pagel, H. Wohlfahrt,
Stability of Residual Stresses in Shot Peened
and High Pressure Water Peened Stainless
Steels at Elevated Temperatures. Materials
Science Forum, 347-349, 2000: 441-446.

[12] A. Evans, S.B. Kim, J. Shackleton, G. Bruno, M.
Preuss, P.J. Withers, Relaxation of Residual
Stress in Shot Peened Udimet 720 Li Under
High  Temperature Isothermal Fatigue.
International Journal of Fatigue, 27(10-12),
2005: 1530-1534.
https://doi.org/10.1016/].ijfatigue.2005.07.02
7

[13] X. N. Mao, G. J. Yang, L. L. Yu, The Residual
Stress Varying of Shot Peened TC4 - DT
Titanium Alloy. Proceedings of the 12" world
conference on titanium, Vol.ll, June 19-25,
2011, Beijing, China, pp.954-958.

[14] B.X. Feng, X. N. Mao, G.J. Yang, L.L. YU, X.D.
Wu, Residual Stress Field and Thermal
Relaxation Behavior of Shot-Peened TC4 — DT
Titanium  Alloy. Materials Science and
Engineering: A, 512(1-2), 2009: 105-108.
https://doi.org/10.1016/j.msea.2009.01.028

[15] J.C. Kim, H.S. Cho, S.K. Cheong, Fatigue
Characteristics and Compressive Residual
Stress of Shot Peened Alloy 600 Under High
Temperature. Transaction of the Korean
society of mechanical engineers — A, 37(3),
2013: 333-338.

https://doi.org/10.3795/KSME-
A.2013.37.3.333

[16] T. Hashimoto, Y. Osawa, M. Kameyama, S.
Hirano, N. Chigusa, K. Saida, M. Mochizuki,
K. Nishimoto, Long Term Stability of
Compressive Residual Stress Introduced in
Alloy 600 by Water Jet Peening Under
Elevated Temperature Environment. American
Society of Mechanical Engineers, Pressure
Vessels and Piping Division (Publication) PVP,
6(A and B), 2011: 605-612.

[17] C. Wang, C. Jiang, M. Chen, L. Wang, H. Liu, V.
Ji, Residual Stress and Microstructure
Evaluation of Shot Peened Ni-Al Bronze at
Elevated Temperatures. Materials Science and
Engineering: A, 707,2017: 629 635.
https://doi.org/10.1016/j.msea.2017.09.098

[18] Y.K. Gao, Residual Stresses of GH742
Superalloy Induced by Caser Peening and Shot
Peening. Rare metal materials and
engineering, 45(9), 2016: 2347-2351.

[19] A. Wick, V. Schulze, O. Vohringer, Shot
Peening Using an Air Blast Machine at
Elevated Temperatures. Materialwissenschaft
und werkostofftechnik, 30(5), 1999: 269-273.

[20] K. Zhu, Z. Li, G. Fan, R. Xu, C. Jiang, Thermal
relaxation of residual stress in shot-peened
CNT/AL-Mg-Si alloy composites. Journal of
Materials Research and Technology, 8(2),
2019: 2201-2208.
https://doi.org/10.1016/j.jmrt.2019.01.023

[21] J.T. Wang, Y.K. Zhang, J.F. Chen, J.Y. Zhan, K.Y.
Luo, W.S. Tan, L.Y. Sun, Y.L. Lu, Effect of Laser
Shock Peening on the High-Temperature
Fatigue Performance of 7075 Aluminum Alloy.
Materials Science and Engineering: A, 704,
2017: 459-468.
https://doi.org/10.1016/j.msea.2017.08.050

[22] M. Kattoura, S. R. Mannava, D. Qian, U.K.
Vasudevan, Effect of Laser Shock Peening on
Elevated Temperature Residual Stress,
Microstructure and Fatigue Behavior of ATI
718 Plus Alloy. International Journal of
Fatigue, 104, 2017: 366-378.
https://doi.org/10.1016/j.ijfatigue.2017.08.00
6

[23] N.F. Ren, H.M. Yang, S.Q. Yuan, Y. Wang, S.X.
Tang, L.M. Zheng, X.D. Ren, |.Z. Dai, High
Temperature Mechanical Properties and
Surface Behavior Improving of Steel Alloy Via
ILaser Shock Peening. Materials and Design,
53,2014: 452-456.
https://doi.org/10.1016/j.matdes.2013.07.00
9

22


https://doi.org/10.1016/j.msea.2021.141029
https://doi.org/10.1016/j.engfracmech.2017.03.017
https://doi.org/10.1016/j.engfracmech.2017.03.017
https://doi.org/10.4028/www.scientific.net/KEM.417-418.393
https://doi.org/10.4028/www.scientific.net/KEM.417-418.393
https://doi.org/10.1016/j.ijfatigue.2005.07.027
https://doi.org/10.1016/j.ijfatigue.2005.07.027
https://doi.org/10.1016/j.msea.2009.01.028
https://doi.org/10.3795/KSME-A.2013.37.3.333
https://doi.org/10.3795/KSME-A.2013.37.3.333
https://doi.org/10.1016/j.msea.2017.09.098
https://doi.org/10.1016/j.jmrt.2019.01.023
https://doi.org/10.1016/j.msea.2017.08.050
https://doi.org/10.1016/j.ijfatigue.2017.08.006
https://doi.org/10.1016/j.ijfatigue.2017.08.006
https://doi.org/10.1016/j.matdes.2013.07.009
https://doi.org/10.1016/j.matdes.2013.07.009

M. Vicen et al. / Applied Engineering Letters Vol.8, No.1, 17-23 (2023)

[24] J. Lago, L. TrSko, M. Jambor, F. Novy, O. [26] J. Jech, Heat Treatment of Steels. SNTL, Praha,

Boklvka, M. Mician, F. Pastorek, Fatigue Life 1983. (In Czech)

Improvement of the High Strength Steel [27] H.J. Christ, Fatigue of Materials at Very High
Welded Joints by Ultrasonic Impact Peening. Numbers of Loading Cycles. Springer Spektrum
Metals, 9(6), 2019: 619. Wiesbaden, 2018.
https://doi.org/10.3390/met9060619 https://doi.org/10.1007/978-3-658-24531-3

[25] Steels, Production Program Il. part, Vol.2,
Standard CSN 41 2060 (Ck 55, W. Nr. 1.1203).
GRHZ, Praha, 1980. (In Czech)

23

This work is licensed under a Creative Commons Attribution-Non Commercial 4.0 International License (CC BY-NC 4.0)


https://doi.org/10.3390/met9060619
https://doi.org/10.1007/978-3-658-24531-3

