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Abstract:

An ultrasonic surface rolling (USR) technique was employed Herfirst time as a method to
enhance the fatigue and wear resistance of 33Cr23Ni8Mn3MNKD Raustenitic engine valve steel.
The microstructure of the modified layer on the matesurface was characiggd by scanning
electron microscopy (SEM) coupled with electratlscatter diffraction (EBSD) and transmission
electron microscope (TEM) methodsanoscale lamellar grains were discovered on the topcsurfa
of the treated material, and an increase of compmegesidual stis and microhardness of the
surface material observedl comparatve fretting wear test androtating bending fatigue test were
performed out to verify the surface enhancement effaeictéred and worn faces of specimens
were evaluated through utilizing SEM and enedigpersive spectroscopy (ED®ompared to the
untreated material, the coefficient of friction of UBRated material was significantly reduced, and
the wear resistance was improved. The fatigue strength sfecimen treated at 28C was
increased from 528 MPa to 730 MPa (38.3 %). At 850the fatigue strength increased from 345

MPa to 400 MPa (15.9 %). The fatigue resistance extensibrnwaar resistance improvement of
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treated specimen can be attributed to a combination effibbexth compressive residual stress, work
hardening, and the modified microstructure with fine-grainsthe surface layer, and thus
demonstrates the validity of this novel technique.

Key words:. ultrasonic surface rolling; surface enhancement; engive eatel; fatigue properties;
wear properties

List of abbreviationsand symbols

USR Ultrasonic surface rolling EBSD Electron lack scatter diffraction
GD Grain diameter EDS Energy-dispersive spectroscopy

KAM Kernel average misorientation SEM Scanning electron microscopy
CoF Coefficient of friction TEM Transmission electron microscop

1. Introduction

The operating conditions and environment of internal amtibn engine exhaust valves are
extremely severe. The exhaust valves must resist fragjuency cyclic stress generated from the
valve motion and combustion pressure, high temperature amdsive environments, and the
possible presence of particulates and third bodlies2]. The recent increases specific
performance of internal combustion engines has \abuit an increase of combustion chamber
temperature and particularly pressure. In addition, due dowsshout of the exhaust gas, the
concave area of exhaust valve suffers notably high termpes For instance, the temperature
distributions ofa traditional solid exhaust valve were measured in previogsareh [3], as
presented in Fig 1(a) where the results were obtainedh Yieermometric valve installed ia

dynamometer gasoline engine. It was found that the tempermaittihe concave area of an exhaust
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valve wasat acomparativéy high level.

Similarly, the concave area of the valve wittinds much higér stress,asindicated by the white
circle in Fig 1(b). The stress contours were obtaineth sonulation results of exhaust valves using
a finite element methadit is also reported by Worthen and Rauen that the esenesea of an
engine valve is at a high stress levdl Burthermore, the improper assembly of the valve and seat
insert and heat deformation of the cylinder head mightecauistortion of the seat insert in a firing
engine. Subsequently, the distortion would lead to bendings l@ating on the concave area of
valves [5] Failure is most likely to occur near the concave aredhefvalve and would be
catastrophic to the engine once the valve head is fract@@usequently, surface enhancement
treatments are increasingly required to be applied ton@tezombustion engine exhaust valve

designsimproving fatigue resistance at high temperatures.
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Fig. 1. (a) Exhaust valve operating temperaturg(f8]finite element method results of valve head
stress contours with combustion pressure.
Nitriding treatment isa common surface enhancement technology for engine vakading to

superior wear resistance and suitable structure perfornm@pc&hot peening can improve the
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fatigue strength of spring steel and tempered martensaet [3, 8], and it is reported by Nalla et al.
that the fatigue strength dfi-6AI-4V at ambient and elevated temperatures was significa
increased after deep rolling and laser shock peening treaf@jeBurface enhancement treatments
combined with ultrasonic technology have been developestent decades. Ultrasonic hanocrystal
surface modification has been applied to the plasm#exitrS45C steel [10], gquenching and
tempering S45C steel [11], 40Cr steel [1Rjconel 690 alloy[13], as well as normal and
heat-treated 60kgK rail stejdl4]. During the ultrasonic nanocrystal surface modificapormcesss

the material surface is struck as force was applied bydaldadl up to tens of thousands of times per
second, leading to a severe plastic deformaitiothe surface and subsurface of materials. These
strikes can be considered as having a micro-cold-forgingepsfid]. Similarly, ultrasonic surface
rolling (USR) also has been applied toaititanium alloyin previous work of Qu et a[15-17].
During the USR processing hard ball not only struck the surface of materials at thgh hi
frequency of ultrasonic vibration, but also rolled ¢we tsurface of materials. The fretting wear
resistance and fatigue strength of titanium alloy wezartl increased after USR treatment.
Although surface enhancement treatments with ultrasenlinblogy has been developed for many
components and types of materials, little researcbngine valve components and materials can be
found in the published literature. In the work presented, i8R treatment was applied &m
engine valve steel. Details of the USR processing areness together with the resulting surface
microstructure characterized by scanning electron micros(®gi¥) coupled with electron back
scatter diffraction (EBSD) andansmission electron microscop&@EM). The surface properties
include residual stress, micro-hardness, surface roughness ewaluated, and the surface

enhancement effect was verified by comparative rotating benfditigue test and comparative
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fretting wear test in dry conditionéfter the fatigue and fretting wear test, the fractured &orn
faces of specimens were characterized using SEM and edesggrsive spectroscopy (EDIhe

fatigue mechanisms and wear mechanisms are also aéidcuss

2. Experimental details

2.1 Materials

The material selected for use in this work, 33Cr23Ni8Mn3N-§R3 austenitic steel is commonly
used for exhaust valves in modern internal combustion engiriee steel bar was provided by a
commercial steel manufacturer with solution annealiagust following the Chinese Standard of
GB/T 233372009 (Internal combustion enginesintake and exhaust valves Specification).
Subsequently, the steel had a full ageing heat treatnmiied (aged at 800 °C for 16 h,
consequently cooled down to room temperature in theTdig chemical composition of the-Z8\
steel is presented in Table 1. The steel hardness atteyoperature was 31.2G6 HRC and the

selected mechanical properties of the steel are pezseniable 2.

Table 1 Compositions of 23-8N stedl specimens (wt. /%).

C Si Mn P S Ni Cr N Mo Fe
0.28~ 0.50~ 1.50~ 7.00~ 22.00~ 0.25~

GB/T 233372009 <0.040 <0.030 <0.05 Bal.
0.38 1.00 3.50 9.00 24.00 0.35

Specimens 032 081 201 0.028 0.007 7.15 2245 0.31 0.001 Bal.

Table 2 M echanical properties of 23-8N stedl.

Temperature, T  Tensile strengthgy Yield strengthgs  Elastic modulus, E

(°C) (MPa) (MPa) (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 machimed smaller bars and hourglass shape
specimens. They were then processed by USR on a lathe aitimgsten carbide rolling ball.
Based on the methodology presented in the previous invigstigaf Qu et al. on titanium alloy
with hardnesof 325 HV [15-17], the residual stress and hardened depth of modified layer was
increased when the static force was increased from 60099adN. Hence, optimized processing
parameters of USR were chosen and they are listed in Jablee applied static force was chosen
at 900 N and the amplitude of vibration was set aithOThe frequency of ultrasonic vibration was
respectively chosen at 20 kHz and 39zkand an air compressor was used to support the static
force at a certain air pressure. A schematic and photographges of the USR treatment are
presented in Fig. 2(a) arftd), and of the hourglass shape specisngsed for the fatigue test after
treatment are presented in Fig. 2(c). The rolling balfatéd and ro#ld against the surface of
materials during the processing, and was lubricated anddcbglenvironmental Inner HM 111

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

Table 3 USR processing parameters.

Frequency Ball diameter Load Amplitude . Spindle speed  Axial feed
(kHz) (mm) (N) (um) (rpm) (mm/rev)
20, 30 15 900 10 45 0.08

2.3 Microstructure analysis

The cross-sectional microstructure was polished by i@hireg then characterized by EBSD
(Hitachi S-3400 N SEM equipped with an HKL-EBSD system, Jafdm®.surface of the materials
after USR treatment was processed usngcused ion bam method to prepare specimens for
TEM (TECNAIG2S, FEI, USA) TEM images and the corresponding selected area electron
diffraction were obtained by TEM, and the acceleratinggge was set at 200 kV. The evolution of
microhardness of cross-sectional was evaluated Wgkers microhardness tester (MVS 1000D1,
Guangjing, China)During the microhardness tests, the load was applied by &gOrlass and

dwelling time was 15 s. The residual stress results werenebtdily 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 fromviieinsand without USR treatment applied
The wear tests were performed using a balbisk fretting tribometer (SRMV, Optimol,
Germany) A photograph and schematic diagram of the tribometepeesented in Fig. 3(a) and,(b)
respectively. Based on the experience of previoigion and wear research antitanium alloy
with and without USR treatmerjl5], similar test parameters were chosen and they are listed
Table 4. The load was set at 5 N in the run-in period vghfirst 5 minutes for every specimen,
then the load was set at different levels in the later Buten test period for the corresponding
specimen. The oscillation frequency was set at 10 Hz, wigohle 18,000 reciprocating sliding
cyclesin each test period. The other parameters such as osailfetquency and stroke were kept
the same with all specimens. The same test parameteesused for the untreated and treated
materials to obtain data for the wear resistance cosgraand evaluation. All the tests were carried
out without lubrication at room temperature in the ambiembaphere (25C, humidity of 70 %)

The counterface was%i:N4 ceramics ball with a diameter of h@m for each test.

Normalli

Mot Oscillation

f\

Temper \
sensor Load sensor

Fig. 3 Ballon-disk fretting tribometer: (a) photograph with cutaway deth) schematic diagram.
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Table 4 Fretting wear test parameters.

Rundin period Rundin period Test period lad  Test period Frequency Stroke
load (N) time (min) (N) time (min) (Hz) (um)
5 5 5, 10, 20, 40 30 10 200

2.5 Fatigue test

In order to improve the performance and durability life ofieagralves, USR treatment can be
applied in the concave area of the engine valve comperdening the manufacturing process.
However, such comparative fatigue tests of engine valugooents should ideally be conducted
in a firing dynamometer engine arspecially designed apparatus, and this can be very resource
intensive. Thus, the pilot study fatigue test was caraedthrough a rotating bending fatigue
teser (QBWP, Changchun, China) utilizing material specimans the schematic diagram of the
tester is presented in Fig. 4(ahe rotating bending fatigue test was performed with astagio of
R=Shax/! Syin =1, and a frequency of 100 Hz. For instance, the waveform obsites position

on the central surface of hourglass shape specimensisnpeel in Fig. 4(b). The fatigue specimens
were tested at two temperatures°@%and 650°C) in the ambient atmosphere and after ten million
cycles had occurred the fatigue testing was automatically sdege It should be noted that the
small material fatigue specimens with hourglass shape weck inghe rotating bending fatigue
teser. Bending stress amplituder in the net section of the specimen was estimated by
accounting for the balance of the inertia forces ar&dmending load, as presented in Equation (1)

[18].
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(1)

where o is the bending stress, M is the bending moment, lyeisdistance from the neutral axis,

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

(b) + 0018
(a) mmj Dimensions in mm
Q- 0 w0 §\\ //
Specimen [— ' V- § ‘& \ / \
= = /
geometry % od 5ot = \\-gf / \ /t
52 . (Q/ \u

Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1

56025 Max
H 52023
" 8021

440.19
400.18

J 360.16
320.14
280.12
240.11 -
200.09
Base frame 160,07
120.05

i 80.035
I 40018

Fig. 4 (a) Schematic diagram of rotating bending fatiguetesd specimen geometry

(b)the waveform of stress a position on the central surface of hourglass shagamen.

3. Results and discussion

3.1 Microstructure

The results of cross-sectional EBSD observatiohthe asreceived virgin (i.e. not treated with
USR) material and USR treated (30 kHz, 900 N) material are mpiegsén Fig. 5-7 The crystal

orientation mapof the two materialss presented in Fig. 5(a) and (Where RD represents the
rolling direction (feed direction of the rolling ball) alD represents the normal direction. Kernel
average misorientation (KAM) during EBSD analysis can beduss a measure of local grain
misorientation andht average misorientation around a measurement point with respect to a defined

set of nearest neighbour points is quantified in KAM [19]. The KAM distribution of the untreated

and treated materiak presented in Fig. 5(c) and (d). The blue colour indicates smalkr
10/ 39



misorientations of grains, the larger misorientatioresstnown in yellow and red colod’he KAM
curves of the two materials are presented in Fig. 5{d)(8, respectively. Based on the results
presented in Fig. 5feo (f), it is observed that the treated matehiad a higher value of KAM than
the untreated material. As reported by Li et al. [2@herally KAM is high in deformed grains due
to higher dislocation density. It can be inferred thatdéfrmation and strain of the grains in the
treated material was significantly increased.

The statistical results of grains are shown in Fig. &(is found that the average of grain diameter
(GD) of the virgin material was 6.7#n, the average area of grain was 14948, and theGD of
53.1% of the grains was lower thanuin and 23.1 % higher than 10n. The treated specimen was
observed in a region close to the top surface, whiaidisated in the right edge Fig. 5(b). The
average of5D of the USR treated material was 1#8, the average area of grain was 13u61?,
and theGD of 73.5% of grainswas lower than Jum. However, only 3.8 % of the grains's GD was
higher than 1Qum. It is determined that the grain refinement was evident after U&fRmentat 30
kHz at 900 N.

The direction of any three-dimensional vector in astaly i.e. a crystallographic direction or the
normal to a crystal plane, could be described as a poititeoreference sphere. Pole is the point of
intersection of normal to this figure [21]. Pole figurepresents the orientation of the crystal
coordinate system in the specimen coordinate. The ppiees of two materials are presented Fig.
5(g) and (h). It is found that the virgin material posesgeak textures, and the density of poleswa
comparatively high. However, the orientation of grainshef USR treated material were distributed
more randomly, suggesting that the steel did not holdtékiure after USR treatment and the

density of pole was significantly decreased.
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Fig. 5/(a) Crystal orientation map of the virgin makr{b) crystal orientation map of the USR
treated material; (c) KAM distribution of the virgin teaal; (d) KAM distribution of the USR
treated material; (e) KAM curve of the virgin mater{d); KAM curve of the USR treated material;
(9) pole figure of the virgin material; (h) pole figuretbe USR treated material. (i) statistical result
of grains of two materials.

Fig. 6(3 and (b) presents the recrystallization map of two ra#geand the statistical result of grain
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recrystallization status is presented in Fig. 6(c). Coeg#&r the virgin material, the proportion of
recrystallized grains and substructured grains were decreaseeldr, the proportion of deformed
grains was significantly increased. As reported by Wang ,egralin refinement in 40Cr steel during
the ultrasonic surface rolling processing is mainly produced byrmetion, and plastic

deformation takes place primarily by dislocation movemé¢h®d. Dislocations tangle with each
other and then to form cellular structures which then d@ved subgrains (with independent slip
systems). With the increase of strain, subgrains tummeto grains with small or big angle grain
boundaries [12] It can be indicated that the deformed grains resultedh feevere plastic

deformation from the high frequency vibration and surfadlngo This also agrees well with the

fact that the difference of recrystallization maps/io§in and USR treated material (Fig. 6(a) and

(b)).
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Fig. 6 (g Recrystallization map of virgin material,)(lecrystallization map of USR treated material
(c) statistical resulbf recrystallization of two materials.
In order to obtain a better characterization of miguasure of the region near the top surface of the
treated specimen, the severe plastic deformation layedet@cted by focused ion beam and TEM
analysis, and the corresponding selected area elecffaactibn were obtained by TEMA TEM
image from the top surface of the USR treated (30 kHz 900 Ninspeds presented in Fig. 7(a). It
is found that the microstructure consisted of nanodaatellar grains, some grain boundaries were
marked with dotted lines and arrows in the figure. The wifithegrains was about 5050 nm. In
addition, there are many rings in the corresponding selemtea electron diffraction pattern (Fig.
7(b)), indicating the presence of nano-grdit3 22]. Furthermore, the lamellar grains consisted of
nanostrctured subgrains, as presented in the enlarged imagaimg (Fig. 7(c) and (d)). The
subgrains had a non-uniform mogsbgy, and the subgrains displayed blurred boundaries (Fig.
7(d)). As reported by Kheradmandfard et al. [22], simiauits was found ifi-type titanium alloy
processed by ultrasonic nanocrystal surface modificalibe USR treatment can be considered as
micro-cold-forging effect on the grairjd4], leading to severe dislocatiaf the original grains
interior and ‘boundary. It was reported that some dendecdimns can be found in the grain
interior and boundaries in the ultrasonic surface rollirecessing treated 40Cr steel and titanium
alloy [12, 15] Dense dislocation can provide the strain energy with Hdghsity. The new
boundaries of grains can be formed by the mode of annihilagwymulating and rearranging of
dislocation[16]. With the dislocation accumulating at the grain bouiedathe dislocation density

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

selected area electron diffraction patt€o),(d) enlarged bright field image.

3.2 Residual stress, surface roughness and microhardness profile

The surface roughness (Ra, arithmetical mean deviatiotheofprofile) values after the USR
treatment in the surface zone are presented in Figd&ha compressive residual stress distribution
of different specimenss presented in Fig. 9. The average surface roughness of treated
material was 0.84um, and the average surface roughness of the treated matasialecreased to
0.25um and 0.21um. It is observed that the untreated specimen had1l® MPa residual stress,

which resulted from the machining process of the specimens.
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After the USR treatmerdt 20 kHz and 900 N, the treated specimen had an average residual stress
of =751 MPa on the surface ar808 MPa at a depth of 2tm and—831 MPa at 5Qum. For the
treated specimergt 30 kHz ad 900 N, the residual stress reaché&®3 MPa on the surface and
—876 MPa at a depth of 20n and—908 MPa at 5um. Comparedo the USR treatmerdt 20 kHz,

it was found that a higher residual stress and lower surface rosgjlwoelld be produced through
the treatmentt a frequency of 30 kHzlt can be attributedo a higher grain dislocation being
produced bya vibration with higher frequency, which means a higher gnétgwever, as reported
by Qu et al[15], the USR treatmerdt 40 kHz lead to slight oxidation and adhesion behaviour on
the surface oTi-6Al-4V titanium material due to the excessive transient impaetgy. Based on
the comparative results and former reseas¢h5-17], the USR treatmeratt 30 kHz at 900 N was
considered to be a suitable processing parameter for 23@iNeevalve steel. The different depth
and residual stress were obtained from different sevia®ti@ deformation process It was
reported in many studies that different severe plasf@ra@tion surface treatments would lead to

different distributions and depth of compressive residuess [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 sesBenal surface3 he hardened depth after
USR treatmenat 20 kHz and 30 kHzvas 710um and 800um, respectively. As reported by Wu et
al., the hardened depth valoé plasma-nitrided S45C steel after ultrasonic nanocrystehce
modification treatment was about 800 to 10@0 [10]. However, the hardened demthTi-6Al-4V
titanium material was only about 2ith to 60um [15-17. According to the Hall-Petch relationship
[26], the microhardness of the material surface and sepestic deformation layer could be
increased by good grain refinement, and the work hardeningt efi# be produced by plastic
compressive deformation, which resdfrom the high frequency ultrasonic surface impacts. Based
on the compressive residual stress distribution (Fig. 9 amcrohardness profile of the

cross-sectional surfaces (Fig. 10) of USR treated specitnean 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 differembaterial conditions are presented in Fig. 11(a).
Compared to the untreated materials, the CoF of the WsliRett materiak significantly decreased.

It has also been reported by other researchers thateurfadified layers generated by severe
plastic deformation processes could lead to a reductioGoir [15 23, 27] Furthermore, the
frequency of ultrasonic vibration has an evident effect on thki@of the CoF curve. The CoF of
material teatedat 30 kHz was lower than that treatet?0 kHz. Fig. 11(b) presents the CoFthe
treated (30 kHz, 900 N) material under different frettingdi With an increasef fretting load
from 5 N to 40 N, the CoF further decreasectah also be seen that more serious fluctuation of

CoF occuredin the steady-state period of the tests with high frggttiad (40 N).
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Fig. 11. (a) The CoF of the different materials; (i CoFof 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 dpecimens were evaluated by SEM. The
results of wearear area are presented in Fig. 12, and the SEM imagesttihdy wear tracks and
the corresponding EDS results are presented in Fig. I8p&ed to the virgin material, the wear
resistance of the treated materialas significantly increased (Fig. 12). The wear scar area was
decraed 11.3 % (from1.33 mhio 1.18 mm). This result can be attributed to the higher hardness
and increased level of compressive residual stwéthe modified surface layers, which resdlit
from the refinement of the grain size and the intestiain of the crystal lattice introduced by the
USR treatmentFurthermore, the wear resistance of the materialadest30 kHz was better than
that treatedat 20 kHz, indicating that a higher frequency of ultrasonliration can produce a
higher hardness and compressive residual stress (Fig. 9)kelyda better wear resistance. With
the increase of fretting loads, the wear scar areaneesased.

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

makes it possible that USR treatment could be also atifiazethe stem o& poppet engine valve.
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During the engine operation, wear problems can occur indle stem-guide contact, becaude
the high frequency reciprocating relative sliding motidrvalve stem and valve guidéherefore
excellent wear resistance is required [1]. Typicallygiea valve stem surfaces are enhanced by
chromium plate or nitriding treatment [28] but there r'ead however to develop new technaologies,
avoiding environmental issues during tfeomium plate processing. Based on the current results

the USR treatmens a potential solution for a valve stem to be more wesastamnt.

2.0 .
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v
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Fig. 12. Wear scar area of untreated and treated specimens
The machining marks (labeled in black lines in Fig. 13@juld be observed in the non-contact
area on the untreated material surface. However, theaaact areasn the surface of the treated
materials are seen to be much smeothith a lower surface roughness (Fig. 13(c) and (e)), which
has been also verified in Section 3.2 (Fig. 8). It iselbel that wear debris particles would be
generated from the relative movement of contact sesfaender pressure. Many of the debris
particles would be removed from the rubbing interface dukeaaeciprocating sliding with fretting
loads, leading to the wear loss of materials, but othbrigigarticles are retained between the

rubbing surfaces. These debris persist and agglomerdte contact zones as moving particles
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plougted the surfaces to generate groav@€snsequently, slight grooves are characterized in the
worn areas of all materiglas presented in Fig. 13(b), (d), (f) and.(§he generation of these
grooves and slip regions can be identified as abrasivedueiag sliding[17].

As sliding continues, some of the debris particles (diremyglomerated or individually) retained in
the contact were highly compacted together to form loahlizéolayers covering a part of the
worn surfaces. The agglomeration behaviour of debris thenthree specimen types were different.
As presented in Fig. 13(bjhe tribological layers on the untreated material veeren to be more
consolidated than those on the treated materials, vdoigld be attributed to the debris with lower
hardness spalled from the untreated materials beingy éaompact in the contact. These exhibit a
better relative wear resistance, because of a highendss and compressive residual strafss
surface and subsurface of the treated materials, agiadin Fig.12It is believed that micro-scale
debris from the treated materials still maintains figieins and higér hardness. Thus, such debris
is more difficult to compact to form the localized triapérs Under the pressing and sliding of the
counterface (the ceramic baldhe layers were delaminated. Those broken layers and debris
agglomerated together near the edge of the worn ardlsasted in Fig. 13(d), (f) and (g). Thus,
the wear mechanisms of USR treated material are alstfieéms adhesion and delamination.

The remaining debris and formed layers were further gronafildd and compacted. Compared to
the EDS results of the non-contact area of materig). (E3()), oxygen and silicon element
percentage was increased in the worn areas of the watraatl treated materials (Fig. 13(h) and
(1), as well the aluminium element was detected @dhvorn areas. Aluminium and silicon were
transferred from the (ceramic ball) counterface to dtez=l worn surfaces. It is indicated tlaat

certain wear existed on the surface of ball, even thougtSgh, ceramic material has a much
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higher hardness of 1500 H)\[17, 29]. Additionally, the increase of oxygen present on the worn
surfaces of the untreated and treated materials can imdered evidence of the existence of

oxidative weatr.
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Fig. 13(a-g) Worn surfaces of the specimens after fretting wear (iegt the EDS results of worn
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3.4 Fatigue behaviour

3.4.1 Fatigue resultsand S-N curves

Based on the results of microhardness, compressive resimess and fretting wear test (Sections
3.2 and 3.3)the USR treatmenat 30 kHz at 900 N is considered to obtain the best performing
modified layer. Hence, the specimens for the rotatinglingnfatigue test were processed through
treatmentat 30 KHz at 900 N. The fatigue results of specimens with and wittreatment at the
two temperatures were statistiyabnalygd and the SN curves are illustrated in Fig. 1&hen,
according to the -SN equation and curve, the fatigue strength on the base willldn cycles can

be determined. Compared to the untreated specimens, itheefatrength of the specimens at°e5
after treatment increased 38.3 % (from 528 MPa to 730 MPa). AtG5the fatigue strength
increased 15.9 % (from 345 MPa to 400 MHde 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 aC2&nd 650°C.
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3.4.2 Fracture surface and mechanisms

The fractured surfaces of the hourglass shape fatiguerspecwere cleaned and then observed by
SEM. Fig. 15(a) shows the von Mises stress of the sgcat a nominal bending stress (produced
by weight and lever in the tester) 530 MPa, it is found that the maximum von Mises stresarsc
onthe surface of the round notch of the specimen, asatetl by the white circles. As presented in
Fig. 15(b) three clear regions existed in the typical fracturdases of the untreated specimens
including the crack initiation region, the crack propagatiegion and the final rupture region.
During the fatigue test, the cracks initiated on the surt#cepecimen (Fig. 15(c))After the
initiation of cracks cracks displagd as fluvial stripes in the crack propagation region. Rin#te
specimen would fracture. Fig. 15(d) presents the fatigue ripdiire region, which is significantly

more precipitous than the other two regions.

177.55
N 1337
88.785
44.404 &
0.023482
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Fig. 15 (a) The von Mises stress of untreated specan#re bending stres$ 530 MPa at 28C;
(b-d) typical fracture surfaces of the untreated specimested at 25C (S, =540 MPa,
N=285,503 cycles).
For the fracture surfaces of treated specimens testiesvat loads at 25C, the crack initiation
sites are shifted to the subsurface region (Fig. 16(a@hdleading to the forming dcd fish-eye
pattern. It can be seen from the Fig. 16(c) and (d) teatatigue cracks initiated from an internal
inclusion in the specimen, and the internal inclusion was alwaysddcat the cemés of the
fish-eye. In the vicinityof the inclusion, one area often descrilmsla fine granular area was
observed [30], as indicated by the smaller white circlEign 16(b) It is also reported by Qu et al.
and Suh et al. that the crack initiation positicaswhifted to the subsurface region after the surface
enhancement with ultrasonic vibration technology, A%. As presented in Fig. 9, compared to the
untreated specimen, the USR treatment produces mucérligmpressive resit stress on the
specimen surface and subsurface, the maximum residusd seé@&ched -908 MPa at a depth of 50
um. Zhu et al. reported that the crack initiation procesaffiected by the gradient distribution of
residual stress from specimen surface to matrix matg1jl For the USR treated specimen, it is

inferred that the produced residual stress could changactbal applied mean stress leading to a
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location dependent strength along the specimen crosersg8il]. The cracks initiated in the
subsurface region of specimens which were tested at loa@s.l¢tHowever, the residual stress were
relaxed during cyclic loading in the fatigue test [32]. Addigity, the residual stress would relax in
the initial cycles in the fatigue test, and a higheigées load would lead to a faster residual
relaxation at room temperature [31]. This agrees well thighfact that the cracks also initiated on
the surface of treated specimen tested atehniiglads.

Fig. 16(e) and (f) present the EDS results of the mataterial and the inclusion in the fine
granular area, respectively. Compared to the matrixemast much ‘higher carbon and chromium
weight percentage were detected in the inclusion, indgéikaly brittleness of the inclusion. Sakai
et al. investigated the fatigue properties of a bearing stabke long-life region. They concluded
that the fatigue fracture of the bearing steel in timglife region contained three processes: the
formation of a fine granular area, crack propagationfaion the fish-eye and rapid crack
propagation to cause fracture [30n the research on the inclusion-induced interiorckiray
mechanismsZhu et al. conducted a study of a precipitati@dened stainless steel in high cycle
and very high cycle fatigue regimes [33]. They found thatptiysics of inclusion-induced interior
cracking is a microstructure-dependent crack initiation éagesl growth process. Similarly, small
cracks and pores were observed in the inclusion (Fig. 16€)(&). Furthermore, after the
martensitic laths's breakdown, dislocation cell structurere formed in the stainless steel, and the
fine granular area on the fracture surface was charstateoif several nano-scale grains [33]. In
addition, in the investigation of failure mechanisms aidjfie assessment of a low strength steel
welded joint, Zhu and Xuan proposed a physical criterion fonddion ofa fine granular area: the

ratio of accumulation to release rates of cyclic mlashergy was higher than ofig4]. In the
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current research, the fish-eye pattern and fine grantdarveere only observad two USR treated
specimens whose fatigue life was more than one million syate25°C. They were testect
relative lower applied load with longer fatigue life. It could be concluded that the USR treatme

influenced thdracture mechanism and the formatioradine granular area, leading to shift of the

crack initiation sites from theuface to the subsurface region.
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Fig. 16(a-d) Fracture surfaces of the USR treated specimen test&d @t (e-f) EDS results of the
inclusion arean specimen surfacesy =730 MPa, N=5,145,187 cycles).

Fracture surfaces of the untreated specimen tested at@%0be presented in Fig. 1and the
fracture surfaces of the USR treated specimen are prdsenkeg. 18. Generally, it is found that
the typical fracture surfaces can be classified a® tregions, as presented in Fig. 17(a), which is
similar to Fig. 15(b). The cracks initiated on the surfat¢éhe specimen (Fig. 17(b)), which is
similar to Fig. 15(c). For a USR treated specimen testdd@tMPa, the cracks were observed in
the region very close to the surface (Fig. 18(b)), indigathe crack initiation sites was shifted to
the subsurface region. However, compared to the USR trgatednen tested at 2%, the shift
distance was much smaller and no fish-eye patternadime granular area were formed on the
fracture surface. Fig. 9 presents the residual stresgdigin of the USR treated (30 kHz, 900 N)
specimens before and after tempering at 850for 4 h. It could be noted that residual stress
relaxation occurred at high temperature. After heating5&t°C, , the compressive residual stress
on specimen surface was relaxed from -803 MPa to -329 MPamakienum residual stress still
existed at s depth of ffh, and it was relaxed from -908 MPa to -512 MPa. It is alsorteg by

Zhu et al. that more serious degration of residual sfez®sn under lower applied loads) occurred at
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higher temperature81]. Furthermore, the applied fatigue load and the number gutatcycles
resulted in the relation of residual stress. It could be ascribed to the combmatichermally
activated proceses and cylic deformation during the tegt [dnce, the decrease of the shift
distance of crack initiation sites from the surface tosstface at high temperatures can be

attributed the material performance degradation of sevastippdeformation layer, including the

softening and oxidation of the material and relaxatiothefcompressive residual stress.

Fig. 17 (a), (b) Fracture surfaces of the untreated spediested at 65TC (S, =370 MPa,

N=647,502 cycles).

Fig. 18 (a), (b) Fracture surfaces of the USR treatedrapadested at 65%C (S, ,, =410 MPa,
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N=5,732,637 cycles).
According to the results obtained from fracture surfafcgpecimens and the results reported by Lu
et al. [35] the fatigue fracture mode was classified into two typesasarénd subsurface fracture
mode. It is found that the surface fracture mode is predomgiahigh stress leveis the two
materials. At low stress levels, the surface fracturdaris predominant for the untreated specimens,
but the subsurface fracture mode is the main failure moteedfeated specimen, especially for the
specimens with fatigue life that was more thah &&les. From the fracture mechanics viewpoint,
the inclusions in the high-strength steels are thealndefects [35]. It was also reported by
Nishijima and Kanazama that an internal failure modepg@ally important for fatigue life in the
gigacycle range, as this mode is predominant at low staeges [36]. However, Shiozawa et al.
reported that the inclusion would develop a fish-eyetdiracmode (internal failure mode) that was
distributed over a wide range of stress amplitude.[3Wp subsurface fracture mode not only
occurred when the applied stress level was below tiguéalimit of material, but also when the
stress level was above the fatigue limit][37
With the introduction of severe plastic deformatioyels on the surface of specimen through the
USR treatment, the possible subsurface cracks caused byningoten be restrained. Due to the
crack branching and deflection in the more randomly aeémhicrostructures of severe plastic
deformation layerthe crack propagation rate was reduced [38]. Indeed, theranmadtemly oriented
microstructures with nanoscale were also verified inrélsalts earlier presented in Fig. 5 and Fig. 7
Consequently, it can be concluded that the extensioatiglie resistance of USR treated specimen
can be attributed to a combination of beneficial compres®sidual stress, work hardening, and

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

Ultrasonic surface rolling technology was introduced to a 23e8Nine valve steel. The wear
resistance and fatigue strength were significantly impro%esine conclusions can be drawn as
follows:

(1) The microstructuref the top surface of ultrasonic surface rolling treateten@ consisted of
lamellar grains with nanoscale, and the width of thengravas about 5450 nm. The lamellar
grains consisted of nanostrctured subgrains with a nooraminorphdogy.

(2) The ultrasonic surface rolling treatment introduadsigher compressive residual stress and
lower surface roughness of the material surface. Thyudcy of 30 Kz of ultrasonic vibration
could produce a higher compressive residual stress and lovisrestwughness than that produced
by the frequency of 20 kHz.

(3) The surface modified layers generated by the ultrasonfacgurolling treatment leads to
reduction in coefficient of friction, and the wear stance was increased.

(4) The fatigue strength of 23-8N engine valve steel specwasnimproved by ultrasonic surface
rolling treatment from 528 MPa to 730 MPa at 25 from 345 MPa to 400 MPa at 65C. The
ultrasonic surface rolling treatment is a potential sotutior engine valve to improve fatigue
resistance.

(5) The improvement of fatigue resistance and wear rasistafa ultrasonic surface rolling treated
specimen can be attributed to a combination of beneficialpoesrive residual stress, work

hardening, and the modified microstructure with fine-grairtee severe plastic deformation layer.
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Highlights
(1) 238N engine valve steel was treated by ultrasonic surface rolling technique.
(2) The microstructures of the modified layer were nano-daaiellar grains.
(3) The treatmenied to a reduction in surface roughness and coefficient of friction
(4) The fatigue strength and wear resistance were increasettedtenent.
(5) The cracks initiation mechanism was influenced by theduekistress in

specimens.
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