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Abstract:

Increasing performance requirements of IC engirfesideadsto higher combustion chamber
temperatures that cause premature failure of exhases. This paper presents a tribological
assessment of hollow head & sodium filled valved §¥s) produced using a new manufacturing
process. Tests were conducted using bespoke bepcivgar and fatigue apparatus, and the
HHSV specimens survived defined durability test$ 1@ compared to traditional solid valves,
the highest temperature of the hollow stem & sodfilled valves decreased from 745 °C to
590 °C. It was established that the new processdidadversely affect the wear mechanisms
(oxidation accelerated adhesion) and the matersal inagnitude when compared to solid valves.
The design of HHSVs tested gives a 16.1% redudtionass.
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1. Introduction

The valvetrain is one of the most important systeman internal combustion engine (ICE), as it
controls the gas flow and the timing of the engifilee valve and valve seat insert are critical
components of the valve train, because they cotitekntry of air (and in some designs, fuel),
the output of exhaust gas, and provide sealinghduhie compression and combustion processes
[1]. One of the primary targets in the combustiogiee industry is the increase of the engine
power to size ratio. Certain higher performanceirgyneed higher temperature capable valve
materials due to increased exhaust gas temperatoigieer exhaust flow rates, and higher
in-cylinder pressures. Consequently, engine compishinermal efficiency must be optimized.

In order to deal with the challenges of the usen@i fuels, often directly injected, and the
increased employment of turbo charging in the emgimany new materials and products for
engine valves and seat inserts have been devel®pedemerging technology is that of sodium
filled valves and these have been utilized in eegjisignificantly increased in recent years [2].
Two main types of sodium filled engine valves h&een developed to date: the hollow stem
sodium filled valve (HSV) and the hollow head & 8od filled valve (HHSV) [25]. Compared

to conventional solid engine valves, sodium filledlves have two distinct advantages: a
reduction in valve mass and reduction in the snsthitemperatures experienced in the bulk
material of the valve. In addition, particularlyrfgasoline engines, sodium filled valves are
beneficial to improving an ICE's knock behaviourotigh decreasing exhaust valve bottom
temperatures, leading to an improvement for enfiiskconsumption and valve train durability

[5]. For instance, Colwell researched the tempeeataduction effect for the two types of
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sodium filled valves (HSV and HHSV) compared to #wodid valve [3]. The research results
revealed that the inner filled sodium significantigcreased the valve temperature, and the
hollow head valve had an apparently better perfageathan the hollow stem valve in its
cooling effect. In a hollow stem sodium filled valjvthe sodium occupies about 60% of the
hollow space. The melting temperature of sodiuaproximately 97.7 °C, so sodium would turn
to liquid state at high temperature as the engias mnning. The sodium would move up and
down in the hollow space following the motion ofiwess. Thus, more heat could be transferred
from the head to the stem. Then, the heat wasfénaied to the cooling system through the valve
guide, so the valve temperature value could becestiuLowering valve temperature by only a
slight amount may take it out of the critical rarfge failure for the component. Furthermore,
because it eliminates the need for expensive lesadtant materials, costs can be reduced.

A mass comparison of solid valves and three diffetgoes of sodium filled valves was reported
by Hu [4] where compared to a solid valve, the nass HSV and a HHSV were decreased to
93 % and 84 %, respectively. Although the valvea$snis a small proportion in an ICE, they
occupy a large proportion in the valve train systamd reducing their mass is markedly helpful to
optimize the dynamic characteristic of the syst@dditionally, the impact seating forces of the
valves and seat inserts would be decreased witm#ss reduction of valves. Consequently, it
certainly is a beneficial relief for the severe Wwoonditions of valves and seat inserts.

This paper presents a novel manufacturing methodfdSVs with stellite hardfacing, and a
study of their tribological and durability performze. A summary of the work and its

presentation in this paper is shown in Fig. 1. ikdtf a traditional solid exhaust valve of a
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natural gas fuelled diesel was selected and itsng&y information was identified. Then, this
type of exhaust valve was redesigned and manutattior be a hollow head and sodium filled
valve through a novel potential manufacturing mdthS8ubsequently, durability tests of the
HHSV specimens and the original solid valve werdgmmed to evaluate the durability of the
hollow head and the wear resistance of the vahatirge face. The durability tests were
conducted without lubrication using bespoke bemghwear and fatigue apparatus. The tested
valve specimens and the matched seat inserts wexmadaterized using scanning electron
microscopy (SEM), an energy-dispersive spectrosc@yS), optical microscopy and a
profilometer. The wear resistance of the testedesbnd seat inserts was compared and the
wear mechanisms were analyzed. Furthermore, sredygsis of the HHSV specimens during
the durability tests was carried out using a Fiitement Method (FEM). Simultaneously, a
rotating bending fatigue tester was applied to watal the fatigue strength of the materials used
for the HHSVs. In addition, hardness measuremengsewused to estimate the testing
temperatures of the solid valve and HSV in a reaotine engine. Based on the above test

results, an overall assessment of the HHSV wasralaia
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Fig. 1 The flow chart of the research.

2. Manufacturing method

2.1 Areview of manufacturing methods

Despite the development of high temperature all@jective cooling techniques were still
needed for aircraft piston engine valves [6,7]. ddey, nitrate salts and sodium were all once
utilized as coolants in the hollow valve and thdism became the predominant solutions with
its low melting point and density as well as higierimal conductivity. Sodium filled valves
were first invented for piston aircraft enginesrésist the high temperature work conditions as
the liquid sodium cooling dissipated the heat dyremgine operation significantly better than
previous designs [8]. This type of valve coolingide was then introduced to the automotive
ICEs, initially for the exhaust valves in heavyyldtesels.

Many researchers have put forward different typesanufacture methods. Wang introduced
two forging manufacture methods for HHSV [9]. Thestf method processed the workblank

through a valve hammer, before the hollow chambas Wabricated by machining. The main
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steps of the valve hammer method were as folloswprkblank preparation; (2) die forging;
(3) flash removal; (4) hollow chamber machining) yalve stem extension forging; (6) valve
stem extension forging and sealing; (7) valve wolkiem drilling; (8) valve stem forging and
stem end sealing. The second method utilized aevdkging machine to produce the initial
hollow chamber through several forging processeks arsubsequent machining process. The
main steps of the valve forging machine method vasréollows: (1) workblank preparation; (2)
workblank upsetting; (3)-1 punching forming; (3)adt rolling on the valve wall; (3)-3 head
upsetting. The steps (4) to (8) of the valve foggmachine method were the same as the valve
hammer method. However, these methods are onlgideifor valves with large dimensions. As
described by Wang [9], valve head diameter is apprately 70 mm and valve stem diameters
is 20 mm.

MAHLE has developed a type of HHSV based on HSVhweylindrical bores [10]: with one
additional process: electrochemical machining. Aiddally, the hollow cavity volume could be
extended further. Taking advantage of the recemeldpments in additive manufacturing
processes, Cooper et al. designed and manufadhalemv engine valves by Additive Layer
Manufacturing (ALM) [11]. Although ALM could manu¢aure hollow head valves with any
designed shape, this manufacturing process is fisigmily much too expensive for mass
production. Compared to the forging steels, theendtperformance fabricated by ALM should
be researched and improved further.

2.2 The utilized manufacturing method

The most critical point for commercially successfoanufacture of a hollow head valve is
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sealing the hollow head through a highly efficiantd low cost technology. Over the past several
years, Huaiji Dengyun Auto-parts (Holding) CO., LTitad developed and refined a new
manufacture method to seal the hollow head by wgldliction [12]. The welding method for
sealing the valve hollow head have variously inetli@lectro-welding [4], laser beam welding
and friction welding. A novel practical HHSV manafaring method named the "drilling plus
friction welding method", based on drilling andctron welding technology, was put forward in
this work, as presented in Fig. 2. The method basrssteps, as follows: (1) solid bar workblank
preparation; (2) upsetting; (3) punching for vahadlow head; (4) valve hollow stem drilling; (5)
friction welding sealing at valve hollow head; &@)dium filling and friction welding sealing at

valve hollow stem; (7) seating face hardfacing Vv@thllite alloy.
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Fig. 2. Manufacturing process of hollow head & swdlifilled valve.
The fifth step is the critical step, where the eahollow head is sealed with the disk conical
surface through friction welding. Selected imagédhe process are recorded in Fig. 3. The
friction welding process was optimized to hold higlnality, stability and productivity, and low

cost.
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Fig. 3. Manufacturing progress records.
After the friction welding process, the HHSVs warmealed to release the residual stress. Some
HHSVs were sectioned and polished for junctionamefintegrity analysis, as presented in Fig.
4(a—d). The gaps near the edge shorter than 0.3Thenhardness across the friction welding
heat affected zone is presented in Fig. 4(e), atoig that the materials across the friction
welding area had similar properties. It should b&ed that, if hollow head valves are to be used
in firing ICEs, it is necessary to insure the diigbof the welds that are exposed to

combustion and this work is described later inieac® and 4.
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Fig. 4 (a—d) Junction surface detection afterisicivelding process; (e) hardness across the

friction welding heat affected zone .

3. Experimental details

3.1 Materials and HHSV specimen preparation

Engine valves are usually manufactured from irarekel-, and cobalt-based metallic alloys. In
general, martensitic steels are used for intakeegalaustenitic alloys and super alloys are used
for exhaust valves. Austenitic alloys 3Cr23Ni8Mn828-8N) and 61Cr21Mn10Mol1V1INb1N
(X60) are commonly used for exhaust valves in modengines. The main chemical
compositions of engine valve steels, hardfacingyalind seat insert are presented in Table 1.
The engine valve steel was provided by the steaufaaturer following Chinese Standard GB/T

23337-2009 (Internal combustion engines- Intake adhaust valves- Specification).
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Microstructure of the steel is presented in Figibst grain diameter of 23—8N steel specimen is
0.5-10 um, while most grain diameters of X60 stpelcimen is 0.3-3 um. Table 2 reveals the

mechanical properties of 23—-8N steel at room teatpeg and 650 °C.

Table 1 Compositions of the engine valve specimeand seat inserts (wt. /%).

C Si Mn Ni Cr W N Mo V Nb Fe Co

Steel
23-8N 0.32 081 201 7.15 2245 - 0.31 0.001 = — |. Ba -
X60 0.65 0.21 10.40 0.45 20.65 - 0.37 0.79 0.79 61.0Bal. -
42Cr9Si2 042 238 048 0.17 84 = = = = = Bal. =
45Cr9Si3 0.44 292 0.33 0.15 8.58 = = - = = Bal. =
1.5 0.9- 21.0 240 115
Stellite F <0.50 - <0.60 - - <3.0 Bal.
-20 1.3 -24.0 -27.0 -13.0
Seat 0.75 1.75 0.20- 1.15 19.0
- - - Bal. -

insert -0.85 -2.25 0.60 -1.65 -20.5

Fig. 5. Microstructure of the steel (EBSD): (a) &8; (b) X60.

Table 2 Mechanical properties of 23—8N steel.

opat25°C ocsat25°C Eat25°C opat650°C osat650°C E at650 °C

23-8N 1002 MPa 605 MPa 183 GPa 579 MPa 310 MPa 149 GPa
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Based on the presented drilling plus friction wegdmethod in Section 2.2, hundreds of HHSV
specimens have been produced successfully. Thré&/dldnd one solid valve were selected for
later durability tests, and the properties of i fvalves are listed in Table 3. It should be dote
that valve 3 was from the original type of solichaxst valve, and this type of valve is being
used in a natural gas fuelled diesel.

The nitriding process was performed by salt baghid nitriding at 580 °C for 35 to 40 minutes.
The hardfacing process on the valve seating facepggformed on a Plasma Transferred Arc
powder hardfacing machine (PTA-4). During the hacdig process, the transferred arc voltage
was 10.8 V, transferred arc current was-118D A, and the non-transferred arc current wa221
A. The supply speed of Stellite F powder was 4/min, and the thickness of the resulting
hardfacing material was £1.4 mm. After the hardfacing process, the HHSVsewsroled to

the room temperature in the atmosphere. The hasdietillite F alloy is 424.44.3 HVp ».

Table 3 Valve specimens properties.

Valve Head material
Valve Valve Head Stem Seating
weight hardness

(9 (HVo2)

name type material material face material

Valve 1 HHSV  23-8N 23-8N, nitriding 23-8N, nitridgn  114.3  317.8+7.1
Valve 2 HHSV  23-8N 23-8N, nitriding 23-8N, nitridgn  114.3  314.1+5.7
Valve 3 Solid X60 X60, nitriding X60, nitriding 138  400.5+5.6
Valve 4 HHSV  23-8N 42Cr9Si2, nitriding Stellite F 115.9 313.4+4.6

3.2 Durability test for valve components
In order to verify the durability of the new strust and manufacturing process, three HHSVs and

one solid valve were subjected to a bench-top datigear test using a special apparatus
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developed for this purpose and presented in Fa).6It6 detailed information can be seen in the
work of Lai et al. [1]. The test schematic is ilizged in Fig.6 (b), the valve and seat insert
geometry are presented in Fig.6 (c). One type af sesert was used in the test, and the test
conditions are presented in Table 4. Temperatusesgaat 650 °C, load frequency was 10 Hz,
valve lift was 5 mm. No misalignment between vadwel seat insert was used and the valve did

not have any rotational motion during the test.

9|
[}
Initial contact

A width =0.9 mm
~Stellite F

/ (or not)

138

Load and heat &
ﬁ ﬁ F o)
transfer rod

Fig. 6 (a) The designed apparatus [1]; (b) durghiéist schematic; (c) specimen geometry.

Table 4 Test conditions of the durability test.

Specimen Valve Valve Seat insert Load Contact pressure
No. type name name (kN) (MPa)
1 HHSV  Valvel  Seatinsert1 10 56.62
2 HHSV  Valve2  Seatinsert 2 4.2 23.78
3 Solid Valve 3  Seatinsert 3 4.2 23.78
4 HHSV  Valve 4  Seatinsert 4 4.2 23.78

Wear scar width measurement was conducted by mafaasquantitative analysis previously
used by other authors and commonly used in theafitee [13-16]. During the test, the wear scar

width of valve seating face and seat insert wassoreal by an optical microscopy with a
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long-focus and a scaleplate, as presented in Fift&r the test, a profilometer (Mahr XC20 )
was also utilized to measure the wear scar for evalwating faces and seat inserts. All the
measurements were conducted at four points initeetan of circumference of the components

at 90° intervals.

Optical
microscope

Scaleplate

A\

Fig. 7. Schematic of the measurement of valve wear width.

3.3 Stress analysis by FEM

The mechanical properties of the 23-8N steel &b kegnperature tensile test was performed by
an ultimate tensile testing machine, and the resale presented in Table 2 in Section 3.1.
According the geometry information of the HHSV, itsee dimensions model of HHSV was
established. Then, mechanical properties of 23-#8Hl @it 650 °C were used as inputs to the
material properties of the FEM model, and the elgns&ze was set at 0.2 mm. Based on the
force conditions of the HHSV specimens during theadility test, the FEM model was
established as presented in Fig. 8, The constrairgspresented by the triangular symbols
pointing the constrained direction of the relevaode. The calculation work was done on

ANSYS 14.0 software.
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ﬁ

Pressure

Fig. 8. Schematic diagram of HHSV FEM model.
3.4 Rotating bending fatigue (RBF) test for matsria
In order to evaluate the fatigue performance of8R3steel at the elevated temperature,
corresponding rotating bending fatigue (RBF) téstsnaterial specimens were carried out with
the group test method through a standard testsrigresented in Fig. 9. A RBF specimen was
clamped in the furnace by the holder. Then, the RBecimen was rotated by the motor under a
constant applied bending moment. After a numbelesyit would fracture, the fatigue life was
recorded and obtained. Hence, the fatigue lifehefrhaterial under different stress levels could
be obtained. AIRBF specimens were tested at 650 °C in ambientsgtheve with the stress ratio
of R=Sax/ Syin =1, and a frequency of 100 Hz. When the cycles rehghéen million, the
fatigue testing would be automatically suspendedghbud be noted that the small hourglass

shape material RBF specimens were used in the BRFid).

14/ 34



&

N Dimensions in mm
jo

Specimen
geometry

26 24 26.25

Motor

Furnace
—LBending moment

Nress
4’7

Fig. 9. Schematic diagram of RBF test and RBF spexcigeometry.

3.5 Valve temperature measurement method

The work conditions around the exhaust valve afdirengine are severe for any measurement
system. The valve temperature measurement methuisdé thermographic camera [17],
thermocouples [10, 17-19] and hardness [20]. Fallemgasoline ICEs with small valve stem
diameters, it is difficult to use thermocouple-lthgestrumentation and it is disproportionately
time consuming. Furthermore, only a few thermocesigould be installed directly on a valve,
leading to a single temperature could be measuremhy one installation location. As for
hardness method, a thermometric valve (TMV) madenfspecial temperature sensitive valve
steel was utilized. The steel was quenched and ¢befed in cooling oil, it would maintain
certain high hardness. Subsequently, if the stesltempered at different temperatures, it would
obtain the corresponding hardness. Generally, atdriess would change as a function of the
maximum temperature it has been exposed to. Coasdgubased on the steel hardness and
temper temperature relationship curve, known agatibration curve, if the steel hardness is
measured, then the temper temperature could beederhlthough the hardness method is less

accurate, in terms of absolute temperature valtiean easily provide a temperature map of the
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entire exhaust valve and it is economical in timd eost [20].

In the paper, the TMVs were whole valves which wagde from 45Cr9Si3 martensitic steel.

The TMVs were quenched at 1030 °C and then coaleallj and the calibration curve of the

steel is presented in Fig. 10. One TMV of a holstem valve and one TMV of a solid valve

were assembled as exhaust valves in the same eylaida dynamometer gasoline engine. The
engine operated at full speed for two hours atesgine operating conditions. Then, the two

TMVs were taken out and sectioned.

60

55

50

45

40 AN

35 ——

Hardness /HRC

30

25 N

20
350 380 410 440 470 500 530 560 590 620 650 680 710 740 770 800

Tempered Temperature /°C

Fig. 10. The calibration curve of quenched 45Cra3¢&|.

4. Results and discussion

4.1 Temperature distributions

The temperature distributions of exhaust valvesvoirg from actual data for the two types of
TMVs in a same cylinder are presented in Fig.11 Bade 5. It was found that the maximum
temperature of the solid valve reached 745 °C, whjgpeared near the stem area at the concave
area of valve. These results present similar teatpey distribution trends as reported in

previous research by Colwell [3] and Beerens efldl]. Owing to the fuel combustion in the
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cylinder, the valve head was heated at high tenyrerawith the addition of the washout of the
exhaust gas, the exhaust valve concave area sffeganaximum temperature.

The temperature of valve head centre were also, high maximum temperature reached to
665 °C. In contrast, as for the hollow stem & sadifilled valve, the maximum temperature of
the whole valve was 590 °C, and the hottest pdiiftez] toward the head area. Compared to the
solid valve, the maximum temperature reduction &% °C. In addition, the maximum
temperature of HSV head centre was 581 °C, which 84°C lower than the solid valve head
centre. It is therefore suggested that the hethieiivalve head was conducted through the hollow
stem to the cylinder head cooling system via thiwevgiuide by the filled sodium. In the
research results of Tanaka and Kawata [17], tharmax temperature of the HSV was 114 °C
lower than the solid valve. It is true that lowgyimalve temperature only a slight amount may

take it out of the critical range for failure.

400 500 600 700 800 °c
50 550650

- e 750
365 3 Ll 375
0 400 :
L
i  Gn
Gl 540 3 =
5481 558 N 3
. i , K
a1t 570 “&\ +
7 B I\ .
&= & +
55 8 S
59 9
40 ;- B I - 53 /’JZ
| |
—
400 -_Hollow
500 stem valve
550 .
600 T4 » —————Solid valve
650
700

750,

Fig.11. Comparisons of temperature distributionsadid valve and HSV (gasoline engine).

Table 5Comparisons of results for solid valve and HSV (°C)

Type Valve head Valve surface The highest of
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The highest The lowest The highest The lowest whole

Solid valve 665 575 745 400 745
HSV 581 400 590 lower than 375 590

For a conventional solid valve, most of the head wansferred to the cooling system through the
seat inserts, and the other was mainly throughvéthee guides [20]. Based on the presented
experimental results and research presented ititdnature [3, 5, 20], it is believed that the
HHSV would have a better performance in temperateduction. Due to the temperature
reduction, engine designers could use less thahthal amount of costly nickel as other
high-temperature alloys, while providing comparabteength, wear and resistance. Also a
decrease in the valve head temperature has awveositfluence on valve-induced knocking
behaviour [5]. It should be noted that the hardmesthod has some shortcomings. For example,
it may even be uncertain which engine operatingditmmm yields maximum temperature,
because the corresponding test was only run astmasly state condition and did not provide
temperature data throughout the engine operatimgerfl9].

4.2 Fatigue behaviour

4.2.1 FEM stress analysis results

The FEM stress analysis results for the HHSV subgeto the load are presented in Fig. 12. It
was found that, the maximum value in the von Mistesss distribution was 1.08 GPa when the
load was set at 10 kN, and it exceeded the tessimgth of the 23-8N steel at 650 °C. When
load decreased to 4.2 kN, the maximum von Misese@dsed to 443 MPa, which still below the
material tensile strength. The maximum von Misesuoed at the inner edge of the hollow

cavity junction surface.
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(a) L SOLUTION
STEP=1
SUB =1
TIME=1
SEQV (AVG)
DMX =.029029
SMN =.494E-06
SMX =443.13

.494E-06 98.4734 196.947 295.42 393.894 .484E-06 98.4734 196.947 285.42
49.2367 147.71 246.184 49.236 47.71 246.184 344

392.894
344.657 443.13 657 443.13

Fig. 12. Stress analysis results by FEM with a logd.2 kN.
4.2.2 RBF S-N curve
Based on the statistical lognormal distributiore RBF results were analyzed and are illustrated
in Fig. 13. According to the S—N equation and cutkie fatigue strength of the 23—8N steel was

345 MPa at 1bcycles at 650 °C.

410

400+

340

10 10° 10° 10
Number of cycles to failure

Fig. 13. S—N curves of 23-8N steel at 650 °C.
4.2.3 Durability of hollow head
The durability bench test results of four valvesha aspect of fatigue behaviour are presented in
Table 6. As for 10 kN load, the valve 1 broken m#80x1G impact cycles with clearly cracks,
as visible in Fig. 14. Due to the high contact &rthe initial cracks in the valve head inner

hollow cavity followed the friction welding positio The stress analysis by FEM pointed that
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the maximum von Mises stress of the HHSV specinoecsrred at the inner edge of the hollow
cavity junction surface. However, the cracks of tredve head outside surface displayed
differently. The position of the initial cracks wadittle further away from the friction welding
position. It could be inferred that the outsidecksawere not affected by the friction welding
area. As for 4.2 kN load, the hollow head of vadvstill maintained integrated after ten million
impact cycles. No cracks were found on the crostieses of valve 2, as presented in Fig. 15.
Based on the RBF material test results, FEM stegsdysis results and valve components
durability bench test results, it could be conctiideat the design of the HHSV with current

dimensions and materials has passed the durassiggssment.

Table 6 Valve durability bench test results.

Specimen name Valve type Valve head material  Cycles (16) Results
Valve 1 HHSV 23-8N 460 Broken
Valve 2 HHSV 23-8N 10,000 Run-out
Valve 3 Solid X60 10,000 Run-out
Valve 4 HHSV 23-8N 10,000 Run-out

(a)

HV det | mag| WD ‘spot vac mode

20.00 kV|ETD 100 x| 10.0 mm| 5.0 |High vacuum
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det [mag| WD |[spot| vac mode 2 mm —mm—— det mag WD |spot| vac mode 500 pm ———

HV u
gh vacuum Quanta200 20.00 K\/‘ DualBSD | 150 x| 9.8 mm | 5.0 |High vacuum Quanta200

det | mag WD |spot| vac mode
ETD 100 x| 10.6 mm| 5.0 |High vacuum

Fig. 15. Cross-sections SEM Valve 2 under 4.2 kistand 10,000xf@ycles
4.3 Wear resistance behaviour
4.3.1 Wear scar of valve seating face
The average valve seating face wear scar widthugdige impact cycles is presented in Fig. 16,
and Fig. 17 presents the wear scar area informalkiaa noticed that the wear scar width of
valve 3 (solid valve) was the highest, showing ltheest wear resistance. Valve 4 wear scar
width had a minimum value. Compared to the wear etaalve 2 (nitrided 23-8N steel), the

Stellite F hardfacing alloy on valve 4 performedtéein terms of wear resistance ability.
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Fig.16. Average valve seating face wear scar wagth function of cycles.
The wear loss could be calculated from the wear scea. Consequently, wear scar area
information might be better for the wear resistaasgessment. Fig. 17(a) presents worn profiles
of the valve seating surface of the four valveserlfwalve was measured four times at four
points, error bar in the Fig. 17(b) represents stendard deviation of the wear scar area.
Although valve 3 had the maximum value at wear sadth, it did not reach the maximum

wear scar area value. In fact, valve 2 showed laghigiear loss than valve 3.
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Fig. 17 (a) Wear scar profile of valve seating fgb¢ wear scar area of valve seating face.
4.3.2 Wear scar of seat insert

Fig. 18(a) presents the wear scar for corresponsiiagjinsert, the calculated results of wear scar
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area is presented in Fig. 18(b). Seat insert 3redfthe highest wear loss. It matched with a
solid valve during the test, most of the heat fribve valve was transferred to the cooling system
through the seat insert. Consequently, it withstapparently higher temperature than other seat
inserts, which corresponded with the sodium valesding to an increase in wear loss. The
total wear for each contact pair is presented g1 B9, and the valve recession is related to the
total wear loss of every contact pair. It is fouhdt the solid valve contact pair had a maximum
total wear loss, the following was HHSV with 23-8keel nitriding, the HHSV with Stellite F

hardfacing alloy hold a minimum total wear losseTgresence of high melting point phases,

such as carbide or ceramic compounds in hardfadlayg is help preventing wear [21].
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Fig. 18 (a) Wear scar profile of seat insert. (Bawscar area of seat insert seating face.
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Fig. 19. Total wear of valve and seat insert.
4.4 Worn surface and wear mechanisms
4.4.1 Worn surface of valve seating face
Figs 20-22 presents the worn surface and crosmssdaf the valve seating face of valves 1, 2
and 4, respectively. The EDS results of the aremshe valve seating faces are presented in
Table 7. For instance, Fig. 20 presents the worfasel of valve 1 seating face. Severe plastic
deformation was found at the edge of contact avba&h was resulted from the large load. The
EDS results (Table 7) of surface layers show thaty tcontain high oxygen content. It is
correlative with the elevated temperature test itmms, the debris generated from the closing
impact began to oxidize, forming poorly adherentiexayers.
Adhesive wear is characterized by bonding and sjulese breakage occurring alternately
between sliding materials [21]. As the combustioaspure applies a load on the valve head,
micro-sliding occurs on the interface of valve geaface and seat insert. Based on the research
results of Forsberg et al. [22], sliding was a venportant factor in the wear of heavy duty

diesel valves. Adhesive wear characters were faimthe worn surface of valve 2 seating face,
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as presented in Fig. 21(b). It is possible thate@uherent oxide layers was then detached or
delaminated from the valve seating face surfacdedsis. Consequently, the wear mechanism
evolution might be drawn, as it is in the liter&(it5], as wear due to the impact (impact wear)
and sliding (adhesion and abrasion) in the conthetrate of which is accelerated by as some
type of oxidative wear due to the elevated tempeeat This indicates that there is no adverse
wear mechanism initiated due to the design and faature of these valves.

Fig. 22(b) reveals the cross-section of the vahsedting face. No visible cracks were found in

the subsurface of the wear scar of the two valseating faces, indicating that the material

removal of the valve seating face was predominbyedear.

HV det | mag S| —
20.00 kV|ETD 100 x c Quanta200

Fig. 20 (a), (b) Worn surfaces of valve 1 seatexgpfand EDS test area V1.
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HV det | mag WD |spot| vac mode 1 mm ———— det | mag WD |spot| vac mode

20.00 kV|ETD 100 x| 11.0 mm| 5.0 [High vacuum Quanta200 ETD 800 x|11.0 mm| 5.0 |High vacuum

HV det | mag WD

V vac mode | 40 ym ——————
20.00 kV|ETD | 3 000 x| 9.8 mm |High vacuum Quanta 200

Fig. 22 (a) Worn surfaces of valve 4 seating fawtBDS test area V3; (b) cross-section of valve

4 seating face.

Table 7 EDS results of the areas on valve seatingce (wt. /%).

Specimen name  Area Si O Al Cr Mn Fe Ni Co wW

Valve 1 Vi 137 323 - 1497 148 47.20 2.69 - -
Valve 2 V2 1.20 31.11 - 14.89 197 4797 2.86 — —
Valve 4 V3 0.85 2548 137 17.09 2.04 18.65 1091 1421 94

4.4.2 Worn surface of seat insert
Worn surfaces of the four seat inserts are predentd-ig. 23—-26. Adhesive traces could be
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identified on the worn surfaces, and the surfaces@gh with small adhesion pits, especially
at the edges of the seating faces. EDS resultseofvborn surfaces are presented in Table 8. Seat
insert 1 held the minimum value in oxygen conténtould be due to the least test time. Seat
insert 3 had the maximum value in oxygen contericaBise it matched with a solid valve,
compared to the sodium filled valve, more heat fritver valve was transferred to the cooling
system through the seat insert. Consequently,ritfésred that seat insert 3 was subjected to the
higher temperature, leading to a higher oxygenesann its worn surface layers. Compared to
non-contact area of seat insert 4, it is found tixggen as well as cobalt were detected on the
worn surface layers of seat insert 4. This meaasttie valve hardfacing alloy material was
transferred to the seat insert surface and thaadhesion layers was an oxygen-rich compound.
In a real operation engine, protective tribofiimeuld be formed on the contact surfaces, the
importance of this phenomenon, particularly for ax$t valve wear, was investigated
experimentally by Forsberg et al. [23]. Howeveg thst conditions during the durability bench
test was a dry atmosphere, without the presenceilpio tribofilms formed and thus no
protection of the surfaces was given. Consequeatllyesive wear occurred on the both contact
surfaces of the contact pair of valve and seattnse

Lewis and Dwyer-Joyce presented a semi-empiridakveecession model. The model indicated
that the major cause of valve recession was theadtsp[l5, 24]. As the impacts continue,
flaking and depression of the contact surfaces roeduas presented in Fig. 23 (b), Fig. 24 (b)
and Fig. 26 (b). Cracks appeared on the layerpresented in Fig. 25 (b). Consequently, the

contact adhesion would be broken, and more likely td the increased weakening of the surface
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through oxidative wear, and fragments of matergthdh from the surfaces and act as debris

(third bodies). The material removal resulted itveaecession.

B o) CNEs o
0 ym ——— A mode HV vac mode
mm | SE |ETD|18.0 kV |High vacuum

2 b
WD |mode | det 2\%
S5mm| SE |ETD|18.0 kV.

mode| det | vac mode - WD | mode A
SE_|ETD|High vacuum 6 mm| SE |ETD |Hi

Fig. 24 (a), (b) Worn surfaces of seat insert 2[BD& test area S2.
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HvV va
ETD | 18.0 kV |High

Fig. 26 (a), (b) Worn surfaces of seat insert 4 BD& test area S4 of contact area, EDS test area

S5 of non-contact area.

Table 8 EDS results of the areas on seat insert (W#o).

Specimen name Area C Si 0] Cr Mn Fe Ni Co

Seatinsert 1 S1 450 124 1710 16.64 082 57.77 1.92 -
Seat insert 2 S2 407 1.15 19.18 1843 0.87 53.85 246 -
Seat insert 3 S3 254 167 29.02 13.74 - 5252 0.51 -
Seat insert 4 S4 432 144 2554 1277 0.64 4553 349 411
Seat insert 4 S5 6.35 207 263 23.73 - 64.00 1.22 -
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5. Future work

The fourth step of the drilling plus friction wetdy method presented in Section 2.2 is to
produce the valve hollow stem by drilling, whichqu&res high precision for production
equipment. Furthermore, the drilling process wasopmed with low production efficiency and
low utilization rate of material. A significantlyffecient method will be introduced to produce the
hollow stem of the valve through cross wedge rgllias presented in Fig. 27. This method is
named "cross wedge rolling plus friction weldingthusl" and detailed information is presented
in an authorized Chinese patent of the authors. [2Blas seven steps, as follows: (1) hollow
pipe workblank preparation; (2) cross wedge rolli®) cutting; (4) shaping for valve hollow
head; (5) friction welding sealing at valve holltvead; (6) sodium filling and friction welding

sealing at valve hollow stem; (7) seating face famidg with Stellite alloy.

(b) =

Fig. 27. (a) High efficient manufacture method withss wedge rolling [25] (with the

permission of reprinting from Mr. T. Zhang); (bpss wedge rolling schematic.

6. Conclusions

A novel method for manufacturing hollow head & sodifilled engine valves is presented. The
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manufacturing method is based on drilling and isicivelding. Compared to the solid valve, the
mass of the HHSV produced by the method was redhgelb.1%. The assessment tests were
performed to evaluate the durability of the hollbead and the wear resistance of the valve
seating face. The conclusions can be drawn asafsllo

(1) Compared to the solid valve, the highest tepee of the HSV was decreased from 745 °C
to 590 °C.

(2) The current design for the valve hollow heasgseal the durability assessment test.

(3) The HHSV (made from 23-8N steel) on which thatgg faces were hardfaced with stellite F
had the best wear resistance. This type of HHS\ldcbe a potential solution for a natural gas
fuelled diesel.

(4) The wear mechanisms acting on the interfacedm the valve seating surface and the seat
insert were found to be a combination of oxidatnear and adhesive wear. The wear loss was
produced by impact (impact wear) and sliding (adireand abrasion).

(5) The high efficient manufacture method with sresedge rolling process is also a potential

manufacturing method to produce the hollow headdiwan filled valves.
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Research Highlights

A new manufacturing process for hollow head & sodium filled valves (HHSV s).
The durability tests were conducted using bespoke bench-top apparatus.

The material loss magnitude of HHSV s were compared to the solid valve.

The temperature distributions comparison of solid valve and hollow stem valve.

The valve and seat insert wear mechanisms are oxidation accelerated adhesion.



