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Abstract:

The increasingly demand for higher performance internal combustion engines (ICEs) has led to
higher temperatures in the combustion chamber. As a result, TiAl valves have been investigated
with a view to their use in a natural gas fuelled diesel ICE, taking advantage of their low density
and good high temperature resistance. In this work, comparison bench tests for traditional steel
valves and TiAl valves were carried out through the use of specially designed wear testing
apparatus. Compared to the traditional valves made from heat resistant steel (X60, X85), the
TiAl valves have 50 % lower mass, leading to a decrease in the impact seating forces during the
engine operation. With the reduction of the inertia of engine valve movement, the dynamic
characteristics of the engine valve train system can be optimized. Each contact pair of valve and
seat insert was tested for 3 million impact cycles. Compared to the austenitic exhaust valves
(X60) tested at 700 °C, the TiAl valve had better wear resistance and the wear loss decreased by

24.8 %. The predominant wear mechanism is considered to be a combination of oxidative wear
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and adhesive wear. However, for the intake valves tested at 400 °C, the wear loss of the TiAl
valve was three times higher than the martensitic intake valves (X85). The predominant wear
mechanism can be identified as abrasive wear and adhesive wear. It is therefore concluded that
the TiAl exhaust valve is a potential solution for a natural gas fuelled diesel.

Key words: engine valve; TiAl alloy; wear test; wear behaviour

1. Introduction

The valve and valve seat insert are critical components of the valve train, which is in turn the
most important system in an internal combustion engine (ICE), as it controls the gas flow and
the timing of the engine [1, 2]. One of the main design objectives for an ICE is an increase in the
specific power output, however, this often leads to higher combustion chamber temperatures that
cause premature failure of exhaust valves, in particular. Meanwhile, lightweight design is one of
the most important development trends of the engine industry, due to the increasingly high
requirements of fuel efficiency and strict emission regulations. Many new materials and designs
have been developed for engine valves. However, it was difficult to obtain substantial weight
reductions through the use of traditional heat resistant steel or nickel-base or cobalt-base super
alloys. Thus, TiAl alloy is becoming a potential material with its low density and excellent
mechanical properties at elevated temperatures, albeit with higher raw material and
manufacturing costs [3]. TiAl alloys are considered as important candidate materials for
advanced applications in aerospace, as well as the automotive industry [4, 5].

Engine valves are the products of mass-production with high precision. The valves made from
traditional heat resistant steel are generally manufactured by hot forming and machining.

However, since the low ductility and poor formability of TiAl alloy, it is not easy to produce
2/30



TiAl valves by hot forming. Research has already been carried out, however, to produce a TiAl
valve with low cost and high production efficiency through different manufacturing methods [5,
6]. Other work has reported that centrifugal casting combined with a mechanical machining
process was found to be a viable method [7-9]. Furthermore, the TiAl valves can be also

manufactured by powder metallergy technology [10].
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Fig. 1 Mass comparison of valves with different materials and configurations.
Fig. 1 presents the masses of valves typically used in a medium duty natural gas fuelled engine
with different materials and configurations. The solid exhaust valve made of heat resistant steel
is being used in a natural gas fuelled engine. The hollow stem and sodium filled valve and
hollow head and sodium filled valve were manufactured and developed by Huaiji Dengyun
Auto-parts (Holding) CO., LTD [11, 12]. The mass of a hollow valve is 83.9 %. of the mass of
the solid valve. However, the mass of a TiAl valve would be further decreased to 49.5 %. The
mass of the valves is a small proportion of the total mass of an ICE, but they occupy a large
proportion of the valve train system (moving) mass. With the reduction of valve mass, the

stiffness of valve spring can also be reduced, leading to a decrease in noise and impact seating
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forces [5]. Consequently, the severe contact conditions between valves and seat inserts could be
mitigated to some extent. A further benefit, due to the reduction of the inertia of the engine
valves, is that the dynamic characteristics of the valve train system could be significantly
improved (e.g. its ability to respond user demand), leading to increase in fuel economy.

Some research on TiAl engine valves has been carried out in a dynamometer engine test [5, 9,
10]. For instance, Maki et al. reported that the TiAl prototype valve demonstrated excellent
high-temperature performance and wear resistance under the very severe conditions of a
durability test on an actual fired engine [5]. Ouyang et al. performed 48 hour comparative tests
on a diesel engine [9]. It is also reported that the valve recession of TiAl exhaust engine valves
i1s 12.5 % of that for heat resistant steel engine valve (21-4N). However, it is reported by Li and
Luo [10], that the valve recession of TiAl exhaust valves was almost the same as the original
exhaust valve recession in a diesel. Unfortunately, the corresponding detailed wear behaviour
and wear mechanisms have yet to be presented and discussed in published literature.

Therefore, in the work presented in this paper, wear tests for heat resistant steel engine valves
and TiAl engine valves were carried out through the use of specially designed wear testing
apparatus. Stress analysis of the valve specimens during the durability tests was performed using
a finite element method (FEM), and the sliding distance was calculated. After the test, the wear
loss from the seating face of the valve and seat insert were quantified through use of a
profilometer. The worn seating faces were characterized using scanning electron microscopy
(SEM), energy—dispersive spectroscopy (EDS) and wear behaviour and wear mechanisms were

evaluated.
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2. Experimental details

2.1 Materials

In modern engines, martensitic steels are generally used for the intake valves, and austenitic
alloys and super alloys are used for exhaust valves. In this work, martensitic steels of
85Cr18Mo2V (X85) and 45Cr9Si2 steel were used for the intake valves and the valve stem of
exhaust valves, respectively. Austenitic steel 61Cr21Mn10MolVINbIN (X60) was used for the
valve head of the exhaust valves. In addition, valve specimens with the same geometry of the
intake valve and exhaust valve were made of a TiAl alloy. The nominal chemical compositions
of the engine valve materials and seat inserts are presented in Table 1. The mechanical properties
of the X85 and X60 steel at high temperature were obtained using an ultimate tensile testing
machine, and the mechanical properties of TiAl alloy refer the work reported by Badami et al. [3]
and Maki et al. [5], as listed in Table 2. The Young's modulus of X60 at 700 °C was only 136
GPa, which was significantly lower than the Young's modulus of X85 at 400 °C (197 GPa). It
should be noted that TiAl alloy could obtain quite outstanding mechanical properties at the high
temperature [5]. Compared the temperature at 400 °C to the temperature at 700 °C, tensile
strength of TiAl alloy kept the similar values, its Young's modulus slightly decreased from 160
GPa to 151 GPa, and the hardness reduced from 280 HV to 270 HV. However, at the
temperature range lower than 700 °C, the elongation of TiAl was at low levels, indicating its low
formability. The hot hardness of the engine valve and seat insert materials are listed in Table 3. It
should be noted that the hardness at elevated temperatures refers to the results reported by Wang
[1] and Maki et al. [5].

The details of the four valve specimens are presented in Table 4. The heat resistant steel valves
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were produced by traditional hot forming and a mechanical machining process, whereas the
TiAl valves were manufactured through centrifugal casting and mechanical machining process.
Compared to the heat resistant steel valve, the mass of TiAl valve decreased to be 50 % lighter.
In order to increase the wear resistance of the valve stem and the peening and wear resistance of
the valve head seating surface, surface treatments are generally introduced [1, 5]. For instance,
the valve stem of Valve 1 was made of 45Cr9Si3 steel, and the surface of valve stem was
enhanced by chromium plate. The valve seating face of Valve 1 was nitrided. The nitriding
process was performed by salt bath liquid nitriding at 580 °C for 35 to 40 minutes. Additionally,
the seating face of Valve 3 was quenched, leading to the hardness of surface varied from 48 to
56 HRC, and the depth of hardening was 0.5 to 2.0 mm with 390 HV. After the quenching
treatment, the hardness of the seating face of Valve 3 was significantly higher than the hardness

of matrix material.

Table 1 The nominal compositions of the engine valve specimens and seat inserts (wt. %).

C Si Mn Ni Cr Mo A% Cu Fe Ti Others
X60 0.65 0.21 1040 045 2065 079 0.79 0.02 Bal. — N: 0.37; Nb: 1.06
45Cr9Si3 0.44 292 033 0.15 8.8 - - 0.15 Bal. — -
X85 0.81 0.31 047 — 181 226 039 0.13 Bal — -
0.1- 1.0- Al: 30-34; Nb: 4.0-5.0;
TiAl — — — — — — — Bal.
0.2 1.3 W: 4.0-5.0

Seat insert

0.9- 03 04 12- 50- 12.0- 1.0- 13.0-

Bal. - W: 3.0-3.3; Co: 4.5-5.5

1.1 0.5 0.5 1.4 5.3 12.5 1.2 15.0
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Table 2 Mechanical properties of engine valve materials [3, 5].

Temperature Ob s Young's modulus  Elongation
(°C) (MPa) (MPa) (GPa) (%)
X85 400 958 791 197 10.45
TiAl 400 570 - 160-165 ~3
TiAl 700 572 ~ 470 151 ~3.5
X60 700 634 341 136 22.51

Table 3 Hot hardness of the engine valve and seat insert [1, 5].

25°C 400 °C 500 °C 600 °C 700 °C

X85 320 HVo.2 - - - -
TiAl 305 HV (5kgf) 280 HV (Skgf) 275 HV (5kgf) 270 HV (Skgf) 270 HV (5kgf)
X60 403 HVo.2 ~350 HV ~250 HV ~ 160 HV -

Seat insert 462 HVo.2 > 300 HV — — —

Table 4 Details of the valve specimens.

Valve Valve
Valve Valve Valve stem Valve seating
head weight
name type material face material
material (g)

Valve 1 Exhaust valve  45Cr9Si3, chroming X60 X60, nitriding 153.6

Valve 2 Exhaust valve TiAl, polishing TiAl TiAl, polishing 76.5
Valve 3 Intake valve X85, chroming X85 X85, quenching 162.8
Valve 4 Intake valve TiAl, polishing TiAl TiAl, polishing 80.9

2.2 Wear apparatus and test conditions

Comparison wear tests for the four valve and seat insert contact pairs were carried out on a
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bench-top wear testing apparatus, which is presented in Fig.2 (a). The power of the apparatus
was supplied by a motor and was transmitted to the eccentric wheel with inner bearing by a belt.
The push rod moves up and down with the rotation of the eccentric wheel. The load cell was
installed between the push rod and the transfer cylinder, and the transfer cylinder transferred the
heat and load to the valve head. The apparatus is more thoroughly described in the previous work
[13]. The valve and seat insert geometry are illustrated in Fig.2 (b). The initial shape of the seat
inserts was a result of a grinding and lapping process. Seating faces with 30° angles are often
used in applications where the combustion products have little or no lubricating properties [1]. A
low seat angle (24.5°) is used on the seating surface of the intake valve and seat insert for
improved wear resistance. The initial contact widths of the intake and exhaust seat inserts were
2.0 mm and 2.2 mm, respectively, because, as most of the heat of a conventional solid valve is
transferred to the engine cooling system through its paired seat insert with the other route mainly
through the valve guide [14], the higher contact width used in the exhaust valve is helpful to
promote the heat transfer. After the comparison wear tests, the worn seating surface of the valves
and seat inserts were measured using a 2D contact profilometer, as indicated in Fig.2 (c). All the
measurements were conducted at four points at 90° intervals.

In general, the combustion load and impact frequency have a significant influence on the wear
behaviour of valves and seat inserts. In the research work of Chun et al. [15], a load of 1.96 kN
was used, which was below the equivalent combustion force, and the loading frequency was 10
Hz and 25 Hz. In another study by Wang et al. [14], loads from 6.6 kN to 24.3 kN were used in the
wear test, and the loading frequency and valve displacement were 10 Hz and 1.27 mm,

respectively. However, these load levels were higher than those found in an engine and would
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lead to possible misinterpretation. Consequently, the test conditions reflected the previous
research and working conditions of a natural gas fuelled diesel, as well as the capabilities of the
bench-top wear testing apparatus. The test temperatures of exhaust valve contact pairs and
intake valve contact pairs were set at 700 °C and 400 °C, respectively. One type of seat insert
was used in the test, and the test conditions are presented in Table 5. Other test parameters were
set as follows: loading frequency was 10 Hz, valve lift was 5 mm, valve closing velocity was 150
mm/s. No misalignment and lubrication oil between the valve and seat insert were employed and

the valve did not have any rotational motion during the test.

Valve Valve guide

(a) Return spring Cooling channels
Belt <l qrg\Lift lever 17 Seat insert
N
(/) i A ] it\\\ Inlet channel
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Locking r/ &Ek = Hot air I ] Heater
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Fig. 2 (a) Schematic of the bench-top testing apparatus; (b) valve and seat insert geometry; (c)

schematic of worn seating surface measurement through use of a profilometer.
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Table 5 Conditions of wear test.

Load (kN)
Specimen Valve Valve Seatinsert =~ Temperature
No. type name name ©0) 0-2 million  2-3 million
cycles cycles
1 Exhaust valve Valve 1 Seat Insert 1 700 5.1 6.2
2 Exhaust valve Valve 2 Seat Insert 2 700 5.1 6.2
3 Intake valve Valve 3 Seat Insert 3 400 5.1 6.2
4 Intake valve Valve 4  Seat Insert 4 400 5.1 6.2

2.3 Stress analysis by FEM

As the combustion pressure in the cylinder applies a load on the valve head, micro-sliding
occurs on the interface of valve seating face and seat insert. Based on the research results of
Forsberg et al. [17] and Lewis and Dwyer-Joyce [2, 18], sliding in the sealing interface was one
of the major reasons for the wear of engine valves and seat inserts. In addition, because the
difference of valve material, test temperatures, initial contact width and angle of the seating face
between the intake valves and exhaust valve, the relationship between sliding length and
geometry of the valves and seat inserts had to be determined.

2.3.1 Simulation set-up 1

In the research work of Forsberg et al. [17], unique experimental data of sliding distance
between engine valve and seat insert was acquired using a dedicated technique in a test-rig. The
experimental data is complemented and validated by FEM simulations. To validate the sliding
length simulation results in this work, the same geometry with one simulation setting of
Forsberg et al. was modelled as follows: the valve head diameter was 41 mm, seating face angle

was 30°, Young's modulus of valve material was 170 GPa, the coefficient of friction (COF) was
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0.4, and the corresponding calculated combustion pressure was 20 MPa. The full contact length
between valve and seat insert was set at 1.9 mm, 2.2 mm and 2.5 mm, respectively. The
schematic diagram of simulation set-up 1 is presented in Fig. 3. The constraints are presented by
the triangular symbols pointing the constrained direction of the relevant node. Note that the
actual sliding length will be twice that of the simulated sliding length, because the surfaces will

slide the same distance again during unloading [17].

FRRER Ty

Pressure

Fig. 3 Schematic diagram of valve and inset insert FEM model for simulation set-up 1.

2.3.1 Simulation set-up 2

Based on the force conditions of the valve specimens during the bench-top test, the FEM model
was established as illustrated in Fig. 4(a). No seating angle difference was set between the valve
and seat insert. According to the geometry information of the valve and seat insert, a three
dimensional model was established. Then, mechanical properties of the material at the tested
temperature (Table 2) were used as inputs for the material properties of the FEM model.
Element mesh refinement (with element size was set at 0.18 mm) was used in the contact zone

to improve the calculation accuracy, as presented in Fig. 4(b). Between the seating zone of the
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valve and seat insert contact elements with COF have been introduced.

In the former work of Qu et al. [19, 20], the friction and wear characteristics of 23-8N steel
(austenitic engine valve steel) and 42Cr9Si2 steel (martensitic engine valve steel) against
3Cr3Mo3W2V die steel were respectively investigated at high temperature. At the temperature
range from 400 °C to 650 °C, the average COF of 23-8N steel on steady state varied in the range
from 0.35 to 0.65 [19]. At the temperature range from 200 °C to 400 °C, the average COF of
42Cr9Si2 steel on steady state varied in the range from 0.4 to 0.7 [20]. As reported by Sun et al.
[21], the COF of TiAl alloy against GH3128 nickel-based superalloy was about 0.27 and 0.36 at
800 °C with two sliding speeds. The wear test of TiAl alloy against Si3N4 at elevated
temperatures is reported by Kang et al. [22]. At the temperatures from 25 °C to 900 °C, the COF
of TiAl slightly decreased from 0.42 to 0.39. Although the material of matched specimens in the
sliding wear tests were not real seat insert materials, the value of COF could be used.
Consequently, the COF of the contact element in simulation set-up 2 was respectively set in the
range from 0.1 up to 0.7 with 0.1 intervals. The simulation was carried out using ANSYS 14.0

software.

(a)

Pressure

Fig. 4 (a) Schematic diagram of valve and inset insert FEM model for simulation set-up 2,(b)
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schematic of element mesh refinement in the contact zone.
3. Results and discussion
3.1 FEM stress analysis results
3.1.1 Results of simulation set-up 1
The sliding distance of one of the simulation set-up 1 is presented in Fig. 5 (a), and the
comparison of results between simulation set-up 1 and results from Forsberg et al. is presented
in Fig. 5 (b). It could be inferred that, the FEM method employed in this paper could be verified

by the results reported by Forsberg et al. [17].

: Structural
a ?iftancg (b) 3.5
jpofnddg Distance % Forsberg et al.[17]
Time: 100 = 3.0 \\| Simulation set-up 1
0.0012926 Max =
0.001149 =25

0.0010054

0.00086175
0.00071812
0.0005745

0.00043087
0.00028725
0.00014254

et
=)

Sliding length
s o

e
W

1.9‘ 2.2
Full contact length /mm

e
o

Fig. 5 (a) Sliding distance of simulation set-up 1; (b) the comparison of results of simulation
set-up 1 and results from Forsberg et al. [17].
3.1.2 Results of simulation set-up 2
The typical FEM stress analysis result of von Mises stress distribution is presented in Fig. 6.
Due to the loading on the valve head during the wear test, for the valve, except for the contact
area, the concave area suffered the maximum stress, as indicated by the circle in Fig. 6. It is also
reported by Worthen and Rauen that the concave area of engine valve withstood the maximum

stress [23].
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Fig. 6 Typical results of von Mises stress with a load of 6.2 kN.
The contact status of the surface of the interface between valve and seat insert is presented in
Fig. 7 (a). Most of the contact area was in sticking status (red area), and the narrow area outside
the red area was in sliding status, which is indicated by the arrow in the figure. The sliding
distance is presented in Fig. 7 (b). The maximum sliding distance value occurred in the outside
diameter direction, and a slightly lower value existed near the inside diameter direction. The
sliding distance gradually decreased towards both the outside and inside contact area edges. The
micro-sliding distance of four contact pairs with different COFs is presented in Fig. 8. With a
same value of COF, the sliding length of exhaust valve contact pairs was higher than intake
valves, due to the more serious performance degradation of materials at higher elevated
temperatures. Although lack of real COF of the valve and seat insert material at elevated
temperatures, the COF values of similar materials could be used. For instance, the COF of
martensitic 42Cr9Si12 steel against 3Cr3Mo3W2V die steel at 400 °C was about 0.4 [20], so the
COF of martensitic X85 steel at 400 °C was possible from 0.4 to 0.5. The very possible regions
of COF values for four contact pairs are indicated in Fig. 8. Then, the corresponding calculated

sliding lengths were obtained. It is found that the sliding length of Valve 1 was almost same as
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that of Valve 2, and the sliding length of Valve 4 was higher than that of Valve 3. As the total
number of impact cycles increased, the full contact length between valve and seat insert

increased, the sliding distance slightly decreased under the same loads.

E]Nea.r
D Sliding
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- 0.00022288
0.00019812
|| 0.00017335
| 0.00014859
| 0.00012382
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| 742065
| 405205
24765¢-5
0

6.000 {mm)

Fig. 7 Typical results of simulation set-up 2: (a) contact status; (b) contact sliding distance.
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Fig. 8 The sliding distance of four contact pairs under the different coefficient of friction.
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The wear volume result from sliding could be calculated by Archard's wear equation, as

presented in Equation (1) [24].

W=""2 (1)

where W is total wear volume, K is wear coefficient, L is total normal load, S is sliding length,
and H is the hardness of the softest surface. During the bench-top wear test, the loads of the four
valve contact pairs were kept the same. Thus, the wear loss generated by sliding was influenced
by the sliding length and the hardness of the softest materials. Based on Archard's wear equation
and the results of sliding length in Fig. 8 and the hot hardness of the engine valve and seat insert
in Table 3, it is inferred that: the wear loss of exhaust contact pairs would be higher than that of
the intake contact pairs, the wear loss of the TiAl exhaust valve would be lower than that of the
X60 exhaust valve.

3.2 Wear resistance behaviour

3.2.1 Wear scar of valve seating face

The main problem is the wear loss of the seating face of the valve and seat insert. Wear loss is a
complex process which is affected by materials and test conditions and the time (impact cycles).
An image of the surface of the Valve 2 seating face after two million impact cycles is presented
in Fig. 9(a). The wear scar profile of Valve 2 after three million impact cycles is shown in Fig.
9(b). Based on the 2D wear scar profile, the wear scar area was calculated. Fig. 9(c) reveals the
wear scar area of the four valve seating faces after three million impact cycles, and error bar in
the figure represents the standard deviation of the wear scar area. For exhaust valves, compared
to the heat resistant steel valve (X60), the wear scar area of the TiAl valve decreased from

0.2701 mm? to 0.2032 mm®. since the hardness of TiAl alloy was higher than X60 steel at
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700 °C. For intake valves, compared to heat resistant steel valve (X85), the wear scar area of
TiAl valve increased from 0.0875 mm? to 0.3588 mm?. The low wear loss of Valve 3 can be
attributed to the quenching treatment on valve seating face, the material could obtain high
hardness at 400 °C, leading to a better wear resistance. For the two TiAl valves, however, the
wear loss of valve at 700 °C was lower than that at 400 °C, and cannot be explained by the

hardness of materials, so will be discussed later in conjuction with the wear mechanisms.
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Fig. 9 (a) Valve 2 after two million impact cycles; (b) the wear scar profile of Valve 2 after three
million impact cycles; (c) wear scar area of the four valve seating faces.

3.2.2 Wear scar of seat insert

Fig.10 (a) presents the wear scar profiles of a seat insert seating faces after a wear test. The

average value of wear scar area of the four seat insert seating faces is presented in Fig.10 (b), the
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error bars represent the standard deviation of the calculated wear scar area. It was found that the
material loss magnitude of seat insert was different with the matched valve. The wear loss of
exhaust seat inserts was generally higher than intake seat inserts, due to the higher test
temperature. Compared to the wear loss of Seat Insert 1 and Seat Insert 3, the wear loss of Seat
Insert 2 and Seat Insert 4 (matched with TiAl valves) obtained a higher variation range at

different measurement points, indicating that more serious misaligned wear scars occurred.

(a) Seat insert 2 (b) 12 700C 1 400C
g 0- 3 million cycles: 3million cycles
= o 10
Z | | Before test<_ b= 0.8416 :
i3 g 08 :
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5 34 ——180° = 0y ;
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= 0.2 |
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: , . : . : 0.0 ‘ i
0 1 2 3 4 S Seat insert No.: 1 2
Scanning distance / mm Matched with: X60 TiAl X85 TiAl

Fig.10 (a) The wear scar profile of Seat Insert 2; (b) wear scar area of the four seat insert seating
faces.

3.2.3 Total wear of the contact pair

Fig. 11 presents the total wear area of four contact pairs. The wear loss of exhaust contact pairs
was higher that intake contact pairs, which was same with the analysis results of simulation 2.
For every contact pair of valve and seat insert, the wear scar area of a seat insert occupied a
higher proportion than a valve. For exhaust valve contact pairs, the total wear of the TiAl valve
contact pair was significantly lower than the austenitic steel valve contact pair (X60). However,
for the intake valve contact pairs, the total wear of the TiAl valve contact pair was even a little

higher than martensitic steel valve contact pair (X85).
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Fig. 11 Total wear area of four contact pairs of valve and seat insert.

Valve recession was calculated as per the method put forward by Lewis and Dwyer-Joyce [18],
and the schematic of valve recession calculation is presented in Fig. 12(a). The valve recession
followed the variation trend of total wear of contact pairs, as shown in Figl2(b). After an
adjustment of valve stem clearance, the permissible maximum value of valve recession for the
natural gas fuelled diesel is 1.3 mm. Due to the dry sliding and impact test conditions in the
bench-top wear tests, the rate of valve recession was significantly higher than that in an actual
engine. The lower rate of valve recession in a real operation engine is attributed to the protective
tribofilms formed on the contact surfaces between valves and seat inserts [25].

As reported by Ouyang et al. [9], after a 48 hour test on a diesel engine, compared to heat
resistant steel engine valve (21-4N), the valve recession of TiAl exhaust engine valve decreased
to one-eighth. In addition, it is also reported by Li and Luo [10], the valve recession of TiAl
valves was almost same with the original exhaust valve recession in a same diesel. Compared to
the work conditions of valves in the dynamometer engine test, although it is hard to achieve the
same test conditions in the bench-top test in this work, the results still could be used as a quick

and indicative tool to evaluate the tribological performance of new materials for engine valves.
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Consequently, it is concluded that the TiAl alloy is probably a potential solution for exhaust
valves of a natural gas fuelled diesel. However, TiAl alloy is probably not suitable for intake

valves.
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Fig. 12 (a) Schematic of valve recession calculation; (b) valve recession of specimens.

3.3 Worn surface and wear mechanisms

3.3.1 Worn surface of valve seating face

Fig. 13 and 14 exhibit the wear morphology found on the seating face of Valve 1 and Valve 3,
respectively. The corresponding EDS results of worn surfaces and non-contact surfaces are
listed in Table 6. Adhesive traces were found on the worn surfaces of Valve 1, as presented in
Fig. 13(b). Due to the softening of the heat resistant steel (X60) and the descending of its
strength at 700 °C, the debris generated from the closing impact began to be oxidized, forming
poorly adherent oxide layers at the high temperature test conditions. Oxide layers were broken
by shearing stress under the sliding action of the rubbing surfaces. EDS results (Table 6) of the
adhesive traces show that they contained high oxygen content. Meanwhile, compared to the
non-contact area of the valve seating face, copper and tungsten e were also detected on the worn
surface (Table 6), indicating that the seat insert material was transferred to the valve seating face

and that the adhesion was an oxygen—rich compound. It is also reported by Mascarenhas et al.
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[26], seat insert materials were detached and adhered on the valve's surfaces.

Compared to the Valve 1, the tribological layers on the worn surface of Valve 3 was shown to be
more compact, as presented in Fig. 14(b) and (c). Thanks to the quenching treatment for Valve 3
seating face, the material could obtain high hardness at 400 °C, leading to a better wear
resistance of the seating surface and its oxide layers. Thus, the wear loss of Valve 3 held the
minimum value, but the matched Seat Insert 3 suffered the maximum wear loss (wear loss

proportion of corresponding contact pair).
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Fig. 14 Worn surfaces of Valve 3 seating face and EDS test area.

Table 6 EDS results of the areas on valve seating face (wt. %).

Specimen Area C (0) Si \% Cr Mn Fe Ni Mo Cu A%
Valvel VI-N 9.79 590 031 025 1404 0.60 6663 045 203 - -
Valvel VI-C 8.12 2296 - 0.75 1221 - 46.14 - 455 381 1.6
Valve3 V3-N 1270 2098 - 1.08 237 628 3548 - - - -
Valve3 V3-C 6.79 3210 - 0.67 835 3.15 3859 081 544 211 2.00

3.3.2 Worn surface of seat insert

Impact and micro sliding are the main reasons to describe the wear loss of engine valve contact
pairs [2, 17, 18]. With the increase of impact cycles, the wear debris may be generated from both
sides of the sealing interface. Then, these were compacted into thin layers that were attached to
the surfaces by contact adhesion. The worn surfaces of the four seat insert are presented in Fig.
15-18, and the corresponding EDS results of worn surfaces and non-contact surfaces are listed
in Table 7. Adhesive wear is characterized by bonding and subsequent breakage occurring
alternately between sliding materials. Adhesive traces were identified on the worn surfaces of

exhaust seat inserts, as presented in Fig. 15(b) and Fig. 16(b). EDS results (Table 7) of the
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adhesive traces show that they contained high oxygen content, so the wear rate was accelerated
by some type of oxidative wear due to the elevated temperatures. Combined with the analysis of
the worn surface of Valve 1, the wear mechanisms of exhaust valve contact pairs are concluded
to be oxidative wear combined with adhesive wear.

The hardness of the TiAl alloy kept almost the same when the temperature lower than 700 °C
(Table 3), thus the hardness of Valve 2 and Valve 4 were at a same level. However, the hardness
of Seat Insert 2 was inferred to be much lower than Seat Insert 4. Compared to Valve 4, the
lower wear loss of Valve 2 may be attributed by the lubrication role of oxide layers on its worn
surface. The oxide layer acted as a "crash pad" to avoid the direct contacting (metal to metal) of
contact pairs to some extent. Because the lower hardness of Seat Insert 2, its wear loss was
higher than Seat Insert 4. At last, the total wear of the TiAl exhaust valve contact pair was a bit
higher than the TiAl intake valve contact pair. Surface treatment should be introduced to the
TiAl valve, for instance, plasma carburizing is effective in improving wear resistance on the
valve stem and seating face [5].

Material transfer phenomena were also identified on the worn faces of seat inserts. As presented
in Table 7 (area of S2-C and S4-C), the Aluminium and Titanium element were also detected on
the Seat Insert 2 and Seat Insert 4, since they were matched with TiAl valves. Based on the EDS
results from Table 6 and 7, it is proved that the transferring behaviour of materials between the
valve seating surface and seat insert indeed existed. The associated wear mechanism thus included
adhesive wear.

Both peeling and adhesive traces of materials were found on the worn surfaces of Seat Insert 3,

as presented in Fig. 17(b). The adhesions of debris on the worn surface of Seat Insert 4 were
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shown to be more compact, as presented in Fig. 18(b). The worn surfaces of Seat Insert 3 and 4
also contained oxygen content to some extent, as presented in Table 7. Compared to the exhaust
valve contact pairs tested at 700 °C, the contact adhesion on the seating face of intake valve and
seat insert, as well as the generated wear debris could obtain a higher hardness at 400 °C. The
contact adhesion would be broken, and more likely due to the increased weakening of the surface
through oxidative wear, and fragments of material detach from the worn surfaces and act as third
bodies. Consequently, it is observed the micro-plowing and ground fragments on the worn

surface of Seat Insert 3, as presented in Fig. 17(c) and (d). The predominant wear mechanisms

can be identified as abrasive wear and adhesive wear.
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Fig. 16 Worn surfaces of Seat Insert 2.

Fig. 18 Worn surfaces of Seat Insert 4.
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Table 7 EDS results of the areas on seat insert seating face (wt. %).

Specimen Area (0] A\ Cr Mn Fe Co Ni Mo Cu W Al Ti
Seat Insert 1 S1-N 3.58 3.23 6.16 — 62.08 8.12 1.48 4.94 6.62 3.80 — -
Seat Insert 1 S1-C 3732 2.04 477 0.66 4325 5.38 1.03 — 4.77 0.77 — -
Seat Insert 2 S2-C 2143  1.31 4.01 2.10 28.64 3.86 — 572 11.26 2.59 4.12  14.95
Seat Insert 3 S3-C 2014 1.12 6.50 — 53.16 6.55 — 3.13 5.95 3.45 — —
Seat Insert 4 S4-C 6.62 — 2.19 5.02  20.01 1.98 — 2.65 3.69 1.02  17.89 38.93

4. Conclusions

The wear behaviour of heat resistant steel engine valves and TiAl engine valves were compared
through bench-top wear tests. The conclusions can be drawn as follows:

(1) Compared to the austenitic exhaust valves tested at 700 °C, the TiAl valve had better wear
resistance, the wear loss decreased by 24.8 %. The predominant wear mechanism is considered a
combination of oxidative wear and adhesive wear.

(2) Compared to the martensitic intake valves tested at 400 °C, the wear loss of the TiAl valve
was four times as much as martensitic intake valves. The predominant wear mechanism can be
identified as abrasive wear and adhesive wear

(3) The TiAl exhaust valve is a potential solution for a natural gas fuelled diesel ICE.
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