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Abstract: 

An ultrasonic surface rolling (USR) technique was employed for the first time as a method to 

enhance the fatigue and wear resistance of 33Cr23Ni8Mn3N (23–8N) austenitic engine valve steel. 

The microstructure of the modified layer on the material surface was characterised by scanning 

electron microscopy (SEM) coupled with electron back scatter diffraction (EBSD) and transmission 

electron microscope (TEM) methods. Nanoscale lamellar grains were discovered on the top surface 

of the treated material, and an increase of compressive residual stress and microhardness of the 

surface material observed. A comparative fretting wear test and a rotating bending fatigue test were 

performed out to verify the surface enhancement effect. Fractured and worn faces of specimens 

were evaluated through utilizing SEM and energy–dispersive spectroscopy (EDS). Compared to the 

untreated material, the coefficient of friction of USR treated material was significantly reduced, and 

the wear resistance was improved. The fatigue strength of a specimen treated at 25 °C was 

increased from 528 MPa to 730 MPa (38.3 %). At 650 °C, the fatigue strength increased from 345 

MPa to 400 MPa (15.9 %). The fatigue resistance extension and wear resistance improvement of 
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treated specimen can be attributed to a combination of beneficial compressive residual stress, work 

hardening, and the modified microstructure with fine-grains in the surface layer, and thus 

demonstrates the validity of this novel technique. 

Key words: ultrasonic surface rolling; surface enhancement; engine valve steel; fatigue properties; 

wear properties 

List of abbreviations and symbols 

USR Ultrasonic surface rolling EBSD Electron back scatter diffraction 

GD Grain diameter EDS Energy–dispersive spectroscopy 

KAM  Kernel average misorientation SEM Scanning electron microscopy 

CoF Coefficient of friction TEM Transmission electron microscope 

 

1. Introduction 

The operating conditions and environment of internal combustion engine exhaust valves are 

extremely severe. The exhaust valves must resist high frequency cyclic stress generated from the 

valve motion and combustion pressure, high temperature and corrosive environments, and the 

possible presence of particulates and third bodies [1, 2]. The recent increases in specific 

performance of internal combustion engines has resulted in an increase of combustion chamber 

temperature and particularly pressure. In addition, due to the washout of the exhaust gas, the 

concave area of exhaust valve suffers notably high temperatures. For instance, the temperature 

distributions of a traditional solid exhaust valve were measured in previous research [3], as 

presented in Fig 1(a) where the results were obtained via a thermometric valve installed in a 

dynamometer gasoline engine. It was found that the temperature of the concave area of an exhaust 
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valve was at a comparatively high level. 

Similarly, the concave area of the valve withstands much higher stress, as indicated by the white 

circle in Fig 1(b). The stress contours were obtained from simulation results of exhaust valves using 

a finite element method. It is also reported by Worthen and Rauen that the concave area of an 

engine valve is at a high stress level [4]. Furthermore, the improper assembly of the valve and seat 

insert and heat deformation of the cylinder head might cause a distortion of the seat insert in a firing 

engine. Subsequently, the distortion would lead to bending loads acting on the concave area of 

valves [5]. Failure is most likely to occur near the concave area of the valve and would be 

catastrophic to the engine once the valve head is fractured. Consequently, surface enhancement 

treatments are increasingly required to be applied to internal combustion engine exhaust valve 

designs, improving fatigue resistance at high temperatures. 

     

Fig. 1. (a) Exhaust valve operating temperature [3]; (b) finite element method results of valve head 

stress contours with combustion pressure. 

Nitriding treatment is a common surface enhancement technology for engine valves, leading to 

superior wear resistance and suitable structure performance [6]. Shot peening can improve the 
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fatigue strength of spring steel and tempered martensitic steel [7, 8], and it is reported by Nalla et al. 

that the fatigue strength of Ti-6Al-4V at ambient and elevated temperatures was significantly 

increased after deep rolling and laser shock peening treatment [9]. Surface enhancement treatments 

combined with ultrasonic technology have been developed in recent decades. Ultrasonic nanocrystal 

surface modification has been applied to the plasma-nitrited S45C steel [10], quenching and 

tempering S45C steel [11], 40Cr steel [12], Inconel 690 alloy [13], as well as normal and 

heat-treated 60kgK rail steel [14]. During the ultrasonic nanocrystal surface modification processes, 

the material surface is struck as force was applied by a hard ball up to tens of thousands of times per 

second, leading to a severe plastic deformation in the surface and subsurface of materials. These 

strikes can be considered as having a micro-cold-forging process [14]. Similarly, ultrasonic surface 

rolling (USR) also has been applied to in a titanium alloy in previous work of Qu et al. [15-17]. 

During the USR processing, a hard ball not only struck the surface of materials at the high 

frequency of ultrasonic vibration, but also rolled on the surface of materials. The fretting wear 

resistance and fatigue strength of titanium alloy were clearly increased after USR treatment. 

Although surface enhancement treatments with ultrasonic technology has been developed for many 

components and types of materials, little research on engine valve components and materials can be 

found in the published literature. In the work presented here, USR treatment was applied to an 

engine valve steel. Details of the USR processing are presented, together with the resulting surface 

microstructure characterized by scanning electron microscopy (SEM) coupled with electron back 

scatter diffraction (EBSD) and transmission electron microscope (TEM). The surface properties 

include residual stress, micro-hardness, surface roughness were evaluated, and the surface 

enhancement effect was verified by comparative rotating bending fatigue test and comparative 
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fretting wear test in dry conditions. After the fatigue and fretting wear test, the fractured and worn 

faces of specimens were characterized using SEM and energy–dispersive spectroscopy (EDS). The 

fatigue mechanisms and wear mechanisms are also discussed. 

 Experimental details 

2.1 Materials 

The material selected for use in this work, 33Cr23Ni8Mn3N (23–8N) austenitic steel is commonly 

used for exhaust valves in modern internal combustion engines. The steel bar was provided by a 

commercial steel manufacturer with solution annealing status, following the Chinese Standard of 

GB/T 23337–2009 (Internal combustion engines – Intake and exhaust valves – Specification). 

Subsequently, the steel had a full ageing heat treatment applied (aged at 800 °C for 16 h, 

consequently cooled down to room temperature in the air). The chemical composition of the 23–8N 

steel is presented in Table 1. The steel hardness at room temperature was 31.2 ± 0.6 HRC and the 

selected mechanical properties of the steel are presented in Table 2. 

Table 1 Compositions of 23–8N steel specimens (wt. /%). 

 C Si Mn P S Ni Cr N Mo Fe 

GB/T 23337–2009 
0.28~

0.38 

0.50~

1.00 

1.50~

3.50 
≤0.040 ≤0.030 

7.00~

9.00 

22.00~

24.00 

0.25~

0.35 
≤0.05 Bal. 

Specimens 0.32 0.81 2.01 0.028 0.007 7.15 22.45 0.31 0.001 Bal. 

 

Table 2 Mechanical properties of 23–8N steel. 

Temperature, T 

(°C) 

Tensile strength, ıb 

(MPa) 

Yield strength, ıs  

(MPa) 

Elastic modulus, E 

(GPa) 
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25 1002  605 183 

650 579 310 149 

 

2.2 USR treatment 

After the heat treatment, the steel bars were machined into smaller bars and hourglass shape 

specimens. They were then processed by USR on a lathe using a tungsten carbide rolling ball. 

Based on the methodology presented in the previous investigations of Qu et al. on titanium alloy 

with hardness of 325 HV [15-17], the residual stress and hardened depth of modified layer was 

increased when the static force was increased from 600 N to 900 N. Hence, optimized processing 

parameters of USR were chosen and they are listed in Table 3. The applied static force was chosen 

at 900 N and the amplitude of vibration was set at 10 ȝm. The frequency of ultrasonic vibration was 

respectively chosen at 20 kHz and 30 kHz, and an air compressor was used to support the static 

force at a certain air pressure. A schematic and photographic images of the USR treatment are 

presented in Fig. 2(a) and (b), and of the hourglass shape specimens used for the fatigue test after 

treatment are presented in Fig. 2(c). The rolling ball vibrated and rolled against the surface of 

materials during the processing, and was lubricated and cooled by environmental Inner HM 111 

rapeseed oil base cutting compound, in order to avoid high temperatures on the specimen surface. 
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Fig. 2. (a) Schematic of USR treatment; (b) USR treatment; (c) specimens after USR treatment. 

Table 3 USR processing parameters. 

Frequency 

(kHz) 

Ball diameter 

(mm) 

Load 

(N) 

Amplitude 

(ȝm) 

Spindle speed 

(rpm) 

Axial feed 

(mm/rev) 

20, 30 15 900  10 45 0.08 

 

2.3 Microstructure analysis 

The cross-sectional microstructure was polished by ion etching then characterized by EBSD 

(Hitachi S-3400 N SEM equipped with an HKL-EBSD system, Japan). The surface of the materials 

after USR treatment was processed using a focused ion beam method to prepare specimens for 

TEM (TECNAIG2S, FEI, USA). TEM images and the corresponding selected area electron 

diffraction were obtained by TEM, and the accelerating voltage was set at 200 kV. The evolution of 

microhardness of cross-sectional was evaluated by a Vickers microhardness tester (MVS 1000D1, 

Guangjing, China). During the microhardness tests, the load was applied by a 0.2 kg mass and 

dwelling time was 15 s. The residual stress results were obtained by a x-ray diffraction method 
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(LXRD, Proto, Canada). 

2.4 Fretting wear test 

The specimens for fretting wear tests were taken from bars with and without USR treatment applied. 

The wear tests were performed using a ball-on-disk fretting tribometer (SRV IV, Optimol, 

Germany). A photograph and schematic diagram of the tribometer are presented in Fig. 3(a) and (b), 

respectively. Based on the experience of previous friction and wear research on a titanium alloy 

with and without USR treatment [15], similar test parameters were chosen and they are listed in 

Table 4. The load was set at 5 N in the run-in period with the first 5 minutes for every specimen, 

then the load was set at different levels in the later 30 minute test period for the corresponding 

specimen. The oscillation frequency was set at 10 Hz, which equals 18,000 reciprocating sliding 

cycles in each test period. The other parameters such as oscillation frequency and stroke were kept 

the same with all specimens. The same test parameters were used for the untreated and treated 

materials to obtain data for the wear resistance comparison and evaluation. All the tests were carried 

out without lubrication at room temperature in the ambient atmosphere (25 °C, humidity of 70 %). 

The counterface was a Si3N4 ceramics ball with a diameter of 10 mm for each test. 
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Fig. 3 Ball-on-disk fretting tribometer: (a) photograph with cutaway detail; (b) schematic diagram. 
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Table 4 Fretting wear test parameters. 

Run-in period 

load (N) 

Run-in period 

time (min) 

Test period load 

(N) 

Test period 

time (min) 

Frequency 

(Hz) 

Stroke 

(ȝm) 

5 5 5, 10, 20, 40 30 10 200 

 

2.5 Fatigue test 

In order to improve the performance and durability life of engine valves, USR treatment can be 

applied in the concave area of the engine valve components during the manufacturing process. 

However, such comparative fatigue tests of engine valve components should ideally be conducted 

in a firing dynamometer engine or a specially designed apparatus, and this can be very resource 

intensive. Thus, the pilot study fatigue test was carried out through a rotating bending fatigue  

tester (QBWP, Changchun, China) utilizing material specimens, and the schematic diagram of the 

tester is presented in Fig. 4(a). The rotating bending fatigue test was performed with a stress ratio of 

max min/ 1R S S   , and a frequency of 100 Hz. For instance, the waveform of stress at a position 

on the central surface of hourglass shape specimen is presented in Fig. 4(b). The fatigue specimens 

were tested at two temperatures (25°C and 650 °C) in the ambient atmosphere and after ten million 

cycles had occurred the fatigue testing was automatically suspended. It should be noted that the 

small material fatigue specimens with hourglass shape were used in the rotating bending fatigue 

tester. Bending stress amplitude   in the net section of the specimen was estimated by 

accounting for the balance of the inertia forces arisen at bending load, as presented in Equation (1) 

[18]. 
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·M y

I
                                        (1) 

where   is the bending stress, M is the bending moment, y is the distance from the neutral axis, 

and I is the moment of inertia of the cross section. 

W

Specimen

Bearing

Furnace

Base frame

Motor

Specimen
geometry

Dimensions in mm

Holder

(a)

     

Fig. 4 (a) Schematic diagram of rotating bending fatigue tester and specimen geometry;  

(b)the waveform of stress at a position on the central surface of hourglass shape specimen. 

3. Results and discussion 

3.1 Microstructure 

The results of cross-sectional EBSD observations of the as-received virgin (i.e. not treated with 

USR) material and USR treated (30 kHz, 900 N) material are presented in Fig. 5-7. The crystal 

orientation map of the two materials is presented in Fig. 5(a) and (b), where RD represents the 

rolling direction (feed direction of the rolling ball) and ND represents the normal direction. Kernel 

average misorientation (KAM) during EBSD analysis can be used as a measure of local grain 

misorientation and t

[19]  The KAM distribution of the untreated 

and treated material is presented in Fig. 5(c) and (d). The blue colour indicates the smaller 
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misorientations of grains, the larger misorientations are shown in yellow and red colour. The KAM 

curves of the two materials are presented in Fig. 5(e) and (f), respectively. Based on the results 

presented in Fig. 5(e) to (f), it is observed that the treated material had a higher value of KAM than 

the untreated material. As reported by Li et al. [20], generally KAM is high in deformed grains due 

to higher dislocation density. It can be inferred that the deformation and strain of the grains in the 

treated material was significantly increased. 

The statistical results of grains are shown in Fig. 5(i). It is found that the average of grain diameter 

(GD) of the virgin material was 6.77 ȝm, the average area of grain was 149.48 ȝm 2, and the GD of 

53.1 % of the grains was lower than 1 ȝm and 23.1 % higher than 10 ȝm. The treated specimen was 

observed in a region close to the top surface, which is indicated in the right edge in Fig. 5(b). The 

average of GD of the USR treated material was 1.70 ȝm, the average area of grain was 13.51 ȝm 2, 

and the GD of 73.5 % of grains was lower than 1 ȝm. However, only 3.8 % of the grains's GD was 

higher than 10 ȝm. It is determined that the grain refinement was evident after USR treatment at 30 

kHz at 900 N. 

The direction of any three-dimensional vector in a crystal, i.e. a crystallographic direction or the 

normal to a crystal plane, could be described as a point on the reference sphere. Pole is the point of 

intersection of normal to this figure [21]. Pole figure represents the orientation of the crystal 

coordinate system in the specimen coordinate. The pole figures of two materials are presented Fig. 

5(g) and (h). It is found that the virgin material posessed weak textures, and the density of pole was 

comparatively high. However, the orientation of grains of the USR treated material were distributed 

more randomly, suggesting that the steel did not hold the texture after USR treatment and the 

density of pole was significantly decreased. 
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Fig. 5 (a) Crystal orientation map of the virgin material; (b) crystal orientation map of the USR 

treated material; (c) KAM distribution of the virgin material; (d) KAM distribution of the USR 

treated material; (e) KAM curve of the virgin material; (f) KAM curve of the USR treated material; 

(g) pole figure of the virgin material; (h) pole figure of the USR treated material. (i) statistical result 

of grains of two materials. 

Fig. 6(a) and (b) presents the recrystallization map of two materals, and the statistical result of grain 
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recrystallization status is presented in Fig. 6(c). Compared to the virgin material, the proportion of 

recrystallized grains and substructured grains were decreased, however, the proportion of deformed 

grains was significantly increased. As reported by Wang et al., grain refinement in 40Cr steel during 

the ultrasonic surface rolling processing is mainly produced by deformation, and plastic 

deformation takes place primarily by dislocation movements [12]. Dislocations tangle with each 

other and then to form cellular structures which then develop to subgrains (with independent slip 

systems). With the increase of strain, subgrains turn to new grains with small or big angle grain 

boundaries [12]. It can be indicated that the deformed grains resulted from severe plastic 

deformation from the high frequency vibration and surface rolling. This also agrees well with the 

fact that the difference of recrystallization maps of virgin and USR treated material (Fig. 6(a) and 

(b)).  
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Fig. 6 (a) Recrystallization map of virgin material, (b) recrystallization map of USR treated material; 

(c) statistical result of recrystallization of two materials. 

In order to obtain a better characterization of microstructure of the region near the top surface of the 

treated specimen, the severe plastic deformation layer was detected by focused ion beam and TEM 

analysis, and the corresponding selected area electron diffraction were obtained by TEM. A TEM 

image from the top surface of the USR treated (30 kHz 900 N) specimen is presented in Fig. 7(a). It 

is found that the microstructure consisted of nanoscale lamellar grains, some grain boundaries were 

marked with dotted lines and arrows in the figure. The width of the grains was about 50–150 nm. In 

addition, there are many rings in the corresponding selected area electron diffraction pattern (Fig. 

7(b)), indicating the presence of nano-grains [13, 22]. Furthermore, the lamellar grains consisted of 

nanostrctured subgrains, as presented in the enlarged image of grains (Fig. 7(c) and (d)). The 

subgrains had a non-uniform morphology, and the subgrains displayed blurred boundaries (Fig. 

7(d)). As reported by Kheradmandfard et al. [22], similar results was found in ȕ-type titanium alloy 

processed by ultrasonic nanocrystal surface modification. The USR treatment can be considered as 

micro-cold-forging effect on the grains [14], leading to severe dislocation of the original grains 

interior and boundary. It was reported that some dense dislocations can be found in the grain 

interior and boundaries in the ultrasonic surface rolling processing treated 40Cr steel and titanium 

alloy [12, 15]. Dense dislocation can provide the strain energy with high density. The new 

boundaries of grains can be formed by the mode of annihilating, accumulating and rearranging of 

dislocation [16]. With the dislocation accumulating at the grain boundaries, the dislocation density 

was increased. 
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Fig. 7 TEM images from the top surface of USR treated specimen: (a) bright field image; (b) 

selected area electron diffraction pattern; (c),(d) enlarged bright field image. 

3.2 Residual stress, surface roughness and microhardness profile 

The surface roughness (Ra, arithmetical mean deviation of the profile) values after the USR 

treatment in the surface zone are presented in Fig. 8, and the compressive residual stress distribution 

of different specimens is presented in Fig. 9. The average surface roughness of the untreated 

material was 0.84 ȝm, and the average surface roughness of the treated material was decreased to 

0.25 ȝm and 0.21 ȝm. It is observed that the untreated specimen had a –210 MPa residual stress, 

which resulted from the machining process of the specimens.  
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After the USR treatment at 20 kHz and 900 N, the treated specimen had an average residual stress 

of –751 MPa on the surface and –808 MPa at a depth of 20 ȝm and –831 MPa at 50 ȝm. For the 

treated specimens at 30 kHz and 900 N, the residual stress reached –803 MPa on the surface and 

–876 MPa at a depth of 20 ȝm and –908 MPa at 50 ȝm. Compared to the USR treatment at 20 kHz, 

it was found that a higher residual stress and lower surface roughness could be produced through 

the treatment at a frequency of 30 kHz. It can be attributed to a higher grain dislocation being 

produced by a vibration with higher frequency, which means a higher energy. However, as reported 

by Qu et al. [15], the USR treatment at 40 kHz lead to slight oxidation and adhesion behaviour on 

the surface of Ti-6Al-4V titanium material due to the excessive transient impact energy. Based on 

the comparative results and former researches [15-17], the USR treatment at 30 kHz at 900 N was 

considered to be a suitable processing parameter for 23-8N engine valve steel. The different depth 

and residual stress were obtained from different severe plastic deformation processes. It was 

reported in many studies that different severe plastic deformation surface treatments would lead to 

different distributions and depth of compressive residual stress [12, 23-25]. 
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Fig. 8 Surface roughness Ra of different specimens. 
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Fig. 9 Comparison of residual stress variation with depth. 

Fig. 10 presents the microhardness profile of the cross-sectional surfaces. The hardened depth after 

USR treatment at 20 kHz and 30 kHz was 710 ȝm and 800 ȝm, respectively. As reported by Wu et 

al., the hardened depth value of plasma-nitrided S45C steel after ultrasonic nanocrystal surface 

modification treatment was about 800 to 1000 ȝm [10]. However, the hardened depth of Ti-6Al-4V 

titanium material was only about 20 ȝm to 60 ȝm [15-17]. According to the Hall-Petch relationship 

[26], the microhardness of the material surface and severe plastic deformation layer could be 

increased by good grain refinement, and the work hardening effect will be produced by plastic 

compressive deformation, which resulted from the high frequency ultrasonic surface impacts. Based 

on the compressive residual stress distribution (Fig. 9) and microhardness profile of the 

cross-sectional surfaces (Fig. 10) of USR treated specimen, it can be derived that a higher value of 

residual stress accompanied by a higher microhardness.  
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Fig. 10 Microhardness profile of cross-sectional surface. 

3.3 Fretting wear behaviour 

3.3.1 Coefficient of friction 

The coefficient of friction (CoF) for the different material conditions are presented in Fig. 11(a). 

Compared to the untreated materials, the CoF of the USR treated material is significantly decreased. 

It has also been reported by other researchers that surface modified layers generated by severe 

plastic deformation processes could lead to a reduction in CoF [15, 23, 27]. Furthermore, the 

frequency of ultrasonic vibration has an evident effect on the value of the CoF curve. The CoF of 

material treated at 30 kHz was lower than that treated at 20 kHz. Fig. 11(b) presents the CoF of the 

treated (30 kHz, 900 N) material under different fretting loads. With an increase of fretting load 

from 5 N to 40 N, the CoF further decreased. It can also be seen that more serious fluctuation of 

CoF occurred in the steady-state period of the tests with high fretting load (40 N). 
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Fig. 11. (a) The CoF of the different materials; (b) the CoF of USR treated (30 kHz, 900 N) 

materials with different fretting loads. 

3.3.2 Wear resistance and wear mechanisms 

After the fretting wear tests, the worn surfaces of the specimens were evaluated by SEM. The 

results of wear scar area are presented in Fig. 12, and the SEM images of fretting wear tracks and 

the corresponding EDS results are presented in Fig. 13. Compared to the virgin material, the wear 

resistance of the treated materials was significantly increased (Fig. 12). The wear scar area was 

decreased 11.3 % (from 1.33 mm2 to 1.18 mm2). This result can be attributed to the higher hardness 

and increased level of compressive residual stress of the modified surface layers, which resulted 

from the refinement of the grain size and the internal strain of the crystal lattice introduced by the 

USR treatment. Furthermore, the wear resistance of the material treated at 30 kHz was better than 

that treated at 20 kHz, indicating that a higher frequency of ultrasonic vibration can produce a 

higher hardness and compressive residual stress (Fig. 9), and likely a better wear resistance. With 

the increase of fretting loads, the wear scar area was increased. 

In addition, the effective improvement in the wear resistance of the austenitic engine valve steel 

makes it possible that USR treatment could be also utilized for the stem of a poppet engine valve. 
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During the engine operation, wear problems can occur in the valve stem-guide contact, because of 

the high frequency reciprocating relative sliding motion of valve stem and valve guide, therefore 

excellent wear resistance is required [1]. Typically, engine valve stem surfaces are enhanced by 

chromium plate or nitriding treatment [28] but there is a need however to develop new technologies, 

avoiding environmental issues during the chromium plate processing. Based on the current results, 

the USR treatment is a potential solution for a valve stem to be more wear resistant. 
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Fig. 12. Wear scar area of untreated and treated specimens. 

The machining marks (labeled in black lines in Fig. 13(a).) could be observed in the non-contact 

area on the untreated material surface. However, the non-contact areas on the surface of the treated 

materials are seen to be much smoother with a lower surface roughness (Fig. 13(c) and (e)), which 

has been also verified in Section 3.2 (Fig. 8). It is believed that wear debris particles would be 

generated from the relative movement of contact surfaces under pressure. Many of the debris 

particles would be removed from the rubbing interface due to the reciprocating sliding with fretting 

loads, leading to the wear loss of materials, but other debris particles are retained between the 

rubbing surfaces. These debris persist and agglomerate in the contact zones as moving particles 
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ploughed the surfaces to generate grooves. Consequently, slight grooves are characterized in the 

worn areas of all materials, as presented in Fig. 13(b), (d), (f) and (g). The generation of these 

grooves and slip regions can be identified as abrasive wear during sliding [17].  

As sliding continues, some of the debris particles (already agglomerated or individually) retained in 

the contact were highly compacted together to form localized tribolayers covering a part of the 

worn surfaces. The agglomeration behaviour of debris from the three specimen types were different. 

As presented in Fig. 13(b), the tribological layers on the untreated material were seen to be more 

consolidated than those on the treated materials, which could be attributed to the debris with lower 

hardness spalled from the untreated materials being easier to compact in the contact. These exhibit a 

better relative wear resistance, because of a higher hardness and compressive residual stress of 

surface and subsurface of the treated materials, as indicated in Fig.12. It is believed that micro-scale 

debris from the treated materials still maintains finer grains and higher hardness. Thus, such debris 

is more difficult to compact to form the localized tribolayers. Under the pressing and sliding of the 

counterface (the ceramic ball), the layers were delaminated. Those broken layers and debris 

agglomerated together near the edge of the worn area, as illustrated in Fig. 13(d), (f) and (g). Thus, 

the wear mechanisms of USR treated material are also identified as adhesion and delamination. 

The remaining debris and formed layers were further ground, rolled and compacted. Compared to 

the EDS results of the non-contact area of material (Fig. 13(i)), oxygen and silicon element 

percentage was increased in the worn areas of the untreated and treated materials (Fig. 13(h) and 

(j)), as well the aluminium element was detected in these worn areas. Aluminium and silicon were 

transferred from the (ceramic ball) counterface to the steel worn surfaces. It is indicated that a 

certain wear existed on the surface of ball, even though the Si3N4 ceramic material has a much 



  

 23 / 39 

 

higher hardness of 1500 HV0.5 [17, 29]. Additionally, the increase of oxygen present on the worn 

surfaces of the untreated and treated materials can be considered evidence of the existence of 

oxidative wear. 
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Fig. 13 (a-g) Worn surfaces of the specimens after fretting wear test; (h-j) the EDS results of worn 

surfaces. 
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3.4 Fatigue behaviour 

3.4.1 Fatigue results and S-N curves 

Based on the results of microhardness, compressive residual stress and fretting wear test (Sections 

3.2 and 3.3), the USR treatment at 30 kHz at 900 N is considered to obtain the best performing 

modified layer. Hence, the specimens for the rotating bending fatigue test were processed through 

treatment at 30 kHz at 900 N. The fatigue results of specimens with and without treatment at the 

two temperatures were statistically analysed and the S–N curves are illustrated in Fig. 14. Then, 

according to the S–N equation and curve, the fatigue strength on the base of 10 million cycles can 

be determined. Compared to the untreated specimens, the fatigue strength of the specimens at 25 °C 

after treatment increased 38.3 % (from 528 MPa to 730 MPa). At 650 °C, the fatigue strength 

increased 15.9 % (from 345 MPa to 400 MPa). The results show that USR treatment would produce 

a significant extension in fatigue resistance. 
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Fig. 14. S-N curves of rotating bending fatigue tests at 25 °C and 650 °C. 
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3.4.2 Fracture surface and mechanisms 

The fractured surfaces of the hourglass shape fatigue specimens were cleaned and then observed by 

SEM. Fig. 15(a) shows the von Mises stress of the specimen at a nominal bending stress (produced 

by weight and lever in the tester) of 530 MPa, it is found that the maximum von Mises stress occurs 

on the surface of the round notch of the specimen, as indicated by the white circles. As presented in 

Fig. 15(b), three clear regions existed in the typical fracture surfaces of the untreated specimens, 

including the crack initiation region, the crack propagation region and the final rupture region. 

During the fatigue test, the cracks initiated on the surface of specimen (Fig. 15(c)). After the 

initiation of cracks, cracks displayed as fluvial stripes in the crack propagation region. Finally, the 

specimen would fracture. Fig. 15(d) presents the fatigue final rupture region, which is significantly 

more precipitous than the other two regions. 

       



  

 27 / 39 

 

       

Fig. 15 (a) The von Mises stress of untreated specimen at the bending stress of 530 MPa at 25 °C; 

(b-d) typical fracture surfaces of the untreated specimen tested at 25 °C ( maxS =540 MPa, 

N=285,503 cycles). 

For the fracture surfaces of treated specimens tested at lower loads at 25 °C, the crack initiation 

sites are shifted to the subsurface region (Fig. 16(a) and (b)), leading to the forming of a fish-eye 

pattern. It can be seen from the Fig. 16(c) and (d) that the fatigue cracks initiated from an internal 

inclusion in the specimen, and the internal inclusion was always located at the centres of the 

fish-eye. In the vicinity of the inclusion, one area often described as a fine granular area was 

observed [30], as indicated by the smaller white circle in Fig. 16(b). It is also reported by Qu et al. 

and Suh et al. that the crack initiation position was shifted to the subsurface region after the surface 

enhancement with ultrasonic vibration technology [16, 23]. As presented in Fig. 9, compared to the 

untreated specimen, the USR treatment produces much higher compressive residual stress on the 

specimen surface and subsurface, the maximum residual stress reached -908 MPa at a depth of 50 

ȝm. Zhu et al. reported that the crack initiation process is affected by the gradient distribution of 

residual stress from specimen surface to matrix material [31]. For the USR treated specimen, it is 

inferred that the produced residual stress could change the actual applied mean stress leading to a 
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location dependent strength along the specimen cross section [31]. The cracks initiated in the 

subsurface region of specimens which were tested at lower loads. However, the residual stress were 

relaxed during cyclic loading in the fatigue test [32]. Additionally, the residual stress would relax in 

the initial cycles in the fatigue test, and a higher fatigue load would lead to a faster residual 

relaxation at room temperature [31]. This agrees well with the fact that the cracks also initiated on 

the surface of treated specimen tested at higher loads. 

Fig. 16(e) and (f) present the EDS results of the matrix material and the inclusion in the fine 

granular area, respectively. Compared to the matrix material, much higher carbon and chromium 

weight percentage were detected in the inclusion, indicating likely brittleness of the inclusion. Sakai 

et al. investigated the fatigue properties of a bearing steel in the long-life region. They concluded 

that the fatigue fracture of the bearing steel in the long-life region contained three processes: the 

formation of a fine granular area, crack propagation to form the fish-eye and rapid crack 

propagation to cause fracture [30]. In the research on the inclusion-induced interior cracking 

mechanisms, Zhu et al. conducted a study of a precipitation-hardened stainless steel in high cycle 

and very high cycle fatigue regimes [33]. They found that the physics of inclusion-induced interior 

cracking is a microstructure-dependent crack initiation and stage I growth process. Similarly, small 

cracks and pores were observed in the inclusion (Fig. 16(c) and (d)). Furthermore, after the 

martensitic laths's breakdown, dislocation cell structures were formed in the stainless steel, and the 

fine granular area on the fracture surface was characteristic of several nano-scale grains [33]. In 

addition, in the investigation of failure mechanisms and fatigue assessment of a low strength steel 

welded joint, Zhu and Xuan proposed a physical criterion for formation of a fine granular area: the 

ratio of accumulation to release rates of cyclic plastic energy was higher than one [34]. In the 
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current research, the fish-eye pattern and fine granular area were only observed in two USR treated 

specimens whose fatigue life was more than one million cycles at 25 °C. They were tested at 

relative lower applied load with a longer fatigue life. It could be concluded that the USR treatment 

influenced the fracture mechanism and the formation of a fine granular area, leading to shift of the 

crack initiation sites from the surface to the subsurface region. 
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Fig. 16 (a-d) Fracture surfaces of the USR treated specimen tested at 25 °C; (e-f) EDS results of the 

inclusion area on specimen surfaces (maxS =730 MPa, N=5,145,187 cycles). 

Fracture surfaces of the untreated specimen tested at 650 °C are presented in Fig. 17, and the 

fracture surfaces of the USR treated specimen are presented in Fig. 18. Generally, it is found that 

the typical fracture surfaces can be classified as three regions, as presented in Fig. 17(a), which is 

similar to Fig. 15(b). The cracks initiated on the surface of the specimen (Fig. 17(b)), which is 

similar to Fig. 15(c). For a USR treated specimen tested at 410 MPa, the cracks were observed in 

the region very close to the surface (Fig. 18(b)), indicating the crack initiation sites was shifted to 

the subsurface region. However, compared to the USR treated specimen tested at 25 °C, the shift 

distance was much smaller and no fish-eye pattern and a fine granular area were formed on the 

fracture surface. Fig. 9 presents the residual stress distribution of the USR treated (30 kHz, 900 N) 

specimens before and after tempering at 650 °C for 4 h. It could be noted that residual stress 

relaxation occurred at high temperature. After heating at 650 °C, , the compressive residual stress 

on specimen surface was relaxed from -803 MPa to -329 MPa. The maximum residual stress still 

existed at s depth of 50ȝm, and it was relaxed from -908 MPa to -512 MPa. It is also reported by 

Zhu et al. that more serious degration of residual stress (even under lower applied loads) occurred at 
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higher temperatures [31]. Furthermore, the applied fatigue load and the number of fatigue cycles 

resulted in the relaxation of residual stress. It could be ascribed to the combination of thermally 

activated proceses and cylic deformation during the test [31]. Hence, the decrease of the shift 

distance of crack initiation sites from the surface to subsurface at high temperatures can be 

attributed the material performance degradation of severe plastic deformation layer, including the 

softening and oxidation of the material and relaxation of the compressive residual stress. 

     

Fig. 17 (a), (b) Fracture surfaces of the untreated specimen tested at 650 °C ( maxS =370 MPa, 

N=647,502 cycles). 

     

Fig. 18 (a), (b) Fracture surfaces of the USR treated specimen tested at 650 °C ( maxS =410 MPa, 
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N=5,732,637 cycles). 

According to the results obtained from fracture surface of specimens and the results reported by Lu 

et al. [35], the fatigue fracture mode was classified into two types: surface and subsurface fracture 

mode. It is found that the surface fracture mode is predominant at high stress levels in the two 

materials. At low stress levels, the surface fracture mode is predominant for the untreated specimens, 

but the subsurface fracture mode is the main failure mode of the treated specimen, especially for the 

specimens with fatigue life that was more than 106 cycles. From the fracture mechanics viewpoint, 

the inclusions in the high-strength steels are the initial defects [35]. It was also reported by 

Nishijima and Kanazama that an internal failure mode is especially important for fatigue life in the 

gigacycle range, as this mode is predominant at low stress ranges [36]. However, Shiozawa et al. 

reported that the inclusion would develop a fish-eye fracture mode (internal failure mode) that was 

distributed over a wide range of stress amplitude [37]. The subsurface fracture mode not only 

occurred when the applied stress level was below the fatigue limit of material, but also when the 

stress level was above the fatigue limit [37]. 

With the introduction of severe plastic deformation layers on the surface of specimen through the 

USR treatment, the possible subsurface cracks caused by machining can be restrained. Due to the 

crack branching and deflection in the more randomly oriented microstructures of severe plastic 

deformation layer, the crack propagation rate was reduced [38]. Indeed, the more randomly oriented 

microstructures with nanoscale were also verified in the results earlier presented in Fig. 5 and Fig. 7. 

Consequently, it can be concluded that the extension of fatigue resistance of USR treated specimen 

can be attributed to a combination of beneficial compressive residual stress, work hardening, and 

the modified microstructure with fine-grains in the severe plastic deformation layer. 
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4. Conclusions 

Ultrasonic surface rolling technology was introduced to a 23-8N engine valve steel. The wear 

resistance and fatigue strength were significantly improved. Some conclusions can be drawn as 

follows: 

(1) The microstructure of the top surface of ultrasonic surface rolling treated material consisted of 

lamellar grains with nanoscale, and the width of the grains was about 50–150 nm. The lamellar 

grains consisted of nanostrctured subgrains with a non-uniform morphology. 

(2) The ultrasonic surface rolling treatment introduces a higher compressive residual stress and 

lower surface roughness of the material surface. The frequency of 30 kHz of ultrasonic vibration 

could produce a higher compressive residual stress and lower surface roughness than that produced 

by the frequency of 20 kHz. 

(3) The surface modified layers generated by the ultrasonic surface rolling treatment leads to a 

reduction in coefficient of friction, and the wear resistance was increased. 

(4) The fatigue strength of 23-8N engine valve steel specimen was improved by ultrasonic surface 

rolling treatment from 528 MPa to 730 MPa at 25 °C; from 345 MPa to 400 MPa at 650 °C. The 

ultrasonic surface rolling treatment is a potential solution for engine valve to improve fatigue 

resistance. 

(5) The improvement of fatigue resistance and wear resistance of a ultrasonic surface rolling treated 

specimen can be attributed to a combination of beneficial compressive residual stress, work 

hardening, and the modified microstructure with fine-grains in the severe plastic deformation layer. 
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Highlights 

(1) 23-8N engine valve steel was treated by ultrasonic surface rolling technique. 

(2) The microstructures of the modified layer were nano-scale lamellar grains. 

(3) The treatment led to a reduction in surface roughness and coefficient of friction. 

(4) The fatigue strength and wear resistance were increased after treatment. 

(5) The cracks initiation mechanism was influenced by the residual stress in 

specimens. 

 

 


