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Abstract; In order to extend the service life of exhaust valves in high power density diesel engines, bimetal can be used
for exhaust valves. A GH4169/cast iron bimetal was made with Laser Powder Bed Fusion ( LPBF) tech, and the
feasibility and dependability under exhaust valve operating conditions were thoroughly examined. This study determined
the temperature distribution and stress distribution of the exhaust valve under service conditions using steady-state thermal
analysis and dynamic mechanical analysis. The reliability of GH4169/cast iron bimetal applied to exhaust valves was
evaluated through tensile and fatigue testing. From research findings, it can be seen that increasing the ratio of cast iron
in bimetallic exhaust valves improves the overall heat conduction performance of the exhaust valve. There is significant
stress concentration in the geometric transition area of the exhaust valve, and the stress can reach 166.5 MPa when
combustion occurs. From the experimental data, we can see that when porosity is less than 2.68% , fatigue mainly
depends on the properties of the cast iron rather than on porosity. The tensile strength of the GH4169/ cast iron bimetal is
478.51 MPa at 400 C, 490.40 MPa at 500 C, and 462.24 MPa at 600 C. All corresponding fatigue strength values are
over 135 MPa, far above the working stress of the exhaust valve stem. To take into account the exhaust valves’ thermo-
mechanical behavior as well as the bimetal’s properties at higher temperatures, placing the bimetal interface on the stem

would work. When the interface is in position 2, the bimetal offers the best balance of performance and cost.
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0 Introduction

The combustion chamber components of a diesel
engine are subject to very extreme working conditions.
As an important seal part, the exhaust valve operates
at temperatures over 700°C, and it is continuously in
contact with corrosive high-temperature gases during
each working cycle, and is frequently impacted by
opening and closing during the working process, thus

[1-2

wearing''"?'. Diesel engine power density keeps going

up, so exhaust valve performance and dependability

get more challenging. In extreme service

circumstances, exhaust valve materials must meet
many interrelated performance requirements
simultaneously. The valve head should have high-

temperature resistance,
[3-5]

corrosion resistance, and

oxidation On the contrary, the exhaust valve
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stem needs to have good wear resistance, mechanical
strength, and thermal conductivity to improve the

overall heat dissipation performance of the exhaust

]

valve'® . Single material exhaust valves cannot be

achieved with these complex and varied requirements
at the same time, and the commonly used austenitic
and martensitic stainless steels have reached their
limits, making it difficult to meet the growing demand
for reliability.

Bimetallic structures combine the merits of
different materials and balance between performance
and economy. Thus, they are a perfect choice for

7-8]

exhaust valves. The previous research' has

produced bimetallic exhaust valves with friction

welding, but due to some flaws, such as slag

inclusion and misalignment, formed during the
welding process, the quality of dissimilar-material

joints'” deteriorates, and these are one of the major
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causes for premature failure of the exhaust valves''".

LPBF ( Laser
Powder Bed Fusion ) provides better metal fusion

and other defects''’.

Compared to traditional welding,

without porosities, cracks,

Furthermore, it can be wused for high-quality
manufacturing, strong metallurgical bonding of
dissimilar materials, and compositional gradient

transition to reduce thermal expansion mismatch
between the two materials.
GH4169 provides high

temperatures and excellent resistance to oxidation and
[12]

strength at elevated

hot corrosion “'. It has been increasingly applied to

exhaust valves '

, while cast iron offers advantages
of wear resistance, machinability, and low cost ',
Applying GH4169/cast iron bimetallic exhaust valves
fabricated by LPBF can achieve an optimal balance
among performance, cost, and manufacturability
while enhancing long-term service reliability. The
overall service life of GH4169/cast iron bimetallic
exhaust valves is governed mainly by the structural
integrity of the bimetallic interface and the axial
distribution of the two materials. Interfacial defects
determine bonding quality, while the position of the
interface directly influences the exhaust valve’s
temperature field and the compatibility of thermal
expansion between materials, collectively affecting

stress states and safety margins under thermo-
mechanical loading. Optimizing the interface position,
therefore, provides the most effective compromise
between high-temperature load-bearing capacity and
economic efficiency.

Finite Element Modeling ( FEM )

applied for designing and checking the failure of the

is widely

exhaust valve. By numerically simulating the
temperature field, stress distribution, and dynamic
responses of exhaust valves under common operating
scenarios, FEM can quantitatively assess the service
performance of exhaust valves under complex thermo-
These high-

temperature gas impact, inertial force when the valve

mechanical loads. loads include
opens and closes, and contact stress between the valve
seat and the valve. Previous work suggests that there
are high thermal and mechanical stresses in the
transition zone from the valve head to the valve neck
because of the geometric discontinuity and the
concentration of the temperature gradient'”™'*'. Also,
transients caused by valve closure are significant
contributors to low-cycle fatigue damage''”’. FEM

would provide superior insight with respect to the
..

effects of where one positions interfaces, where one
places the materials, and the differences in the
thermo-physics on how that translates into overall
mechanical and thermal-mechanical performance for
the bimetallic

temperature and stress fields can provide a scientific

exhaust valve. The simulated

basis for the selection of materials, interface
optimization, and durability evaluation to achieve a
balance of high-temperature bearing capacity under
weight restrictions and economic feasibility.
Therefore, FEM helps develop exhaust valves that are
structurally stronger and more reliable in the long
term.

To determine the optimal interface position
between two metals of bimetallic exhaust valves,
which can make a good balance between high
temperature performance and economy efficiency, this
study conducted tensile and fatigue tests on bimetallic
specimens. Exhaust valve thermal characteristics and
closing dynamics were observed at different interface
positions. A steady-state heat transfer model is used to
simulate the exhaust valve temperature distribution
under service conditions. A dynamic model was used
to analyze the valve seat forces and their stress
equivalent. Complementary LPBF process trials and
tensile/fatigue testing of the interfaces under varied
porosity conditions. The high-temperature tensile
strength of the bimetallic material fabricated under
conditions was determined,

optimal enabling

evaluation of the operational reliability of the
bimetallic exhaust valve. This research identifies the
interface window for GH4169/cast iron

bimetallic exhaust valves to ensure high reliability and

optimal

low service costs. It also provides the necessary
information for their engineering application.

1 Methodology

1.1 Experimental Methods
1.1.1 Preparation of bimetal

GH4169 was fabricated on a cast iron substrate
using LPBF, forming a GH4169/cast iron bimetal.
The layer-by-layer building process in LPBF is
illustrated in Fig.1. The LPBF-fabricated GH4169
deposit is a cylindrical specimen measuring 12 mm in
diameter and 35 mm in height, which was used for
subsequent tensile and fatigue tests.

The GH4169 powder had a mean particle size of
34 pm; the layer thickness was 30 pm, and the
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powder-bed packing density was approximately 46%.
The
manufacturing ,

laser spot diameter was 70 pwm during

substrate was

preheated to 200 C. Based on our previous work' '™ |

and the cast iron
an L16 orthogonal array with three factors at four
levels was employed to conduct 16 process trials; for
each trial, the relative density of the fabricated
GH4169 was the Archimedes

measured using

Laser

immersion method. Porosity was calculated as 100% -
relative density (% ). From the 16 parameter sets,
four GH4169/cast
distinct porosities

iron bimetal specimens—with
in the GH4169 portion—were
selected for tensile and fatigue testing to assess
the
combinations are summarized in Table 1.

reliability ; corresponding process parameter

Laser

Powder-bed

Powder-bed

'

~ Melt pool

Substrate

—

Substrate

g

Melt pool

111

Preheat to 200 ‘C

t111

Preheat to 200 ‘C

Fig.1 The layer-by-layer building process in LPBF

Table 1 Parameter combinations

Process scheme Laser power (W)

Laser scanning speed (mm/s)

Scanning hatch (mm) Porosity (%)

1 100 1050
2 100 900
3 200 1050
4 100 750

0.13 12.05
0.10 4.24
0.16 2.68
0.07 0.27

1.1.2  Tensile and fatigue testing

Monotonic tensile and cyclic fatigue tests were
conducted to assess the reliability of GH4169/ cast iron
bimetal for exhaust valve applications. Both tests
employed standard cylindrical specimens, as shown in
Fig.2. The gauge section had a diameter of 5 mm and
a length of 30 mm, and the grip ends had a diameter
of 10 mm.

30

Sy

0.2

[ 'M10

70

- -

Fig. 2 Standard cylindrical specimens( unit:mm)

The MTS 809 servo-hydraulic testing system ( as
shown in Fig. 3) performed strain- or stress-controlled
loading for the tensile and fatigue experiments. A box-
type resistance furnace integrated with the frame
provided specimen heating; K-type thermocouples

monitored the furnace environment, and an additional

thermocouple measured the specimen temperature in
real time. For the tensile tests, according to GB/T
228.1-2021, strain-controlled loading was applied at a
rate of 2.5%107* s™" until fracture, yielding the bimetal
stress-strain response.

Fig.3 The MTS 809 servo-hydraulic testing system

For the fatigue tests, in accordance with GB/T
3075-2008, axial tension-compression cyclic loading

. 3.
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with a sinusoidal waveform was applied, with a
maximum nominal stress of 250 MPa, a load ratio R =
0.1, and a frequency of 5 Hz.Tests were performed at
room temperature ( = 25 C) and at elevated
temperature (250 C) using the box furnace, with
environmental temperature stability maintained within
+5 C; the specimen temperature was continuously
monitored, and the cycles to fatigue failure were
recorded to evaluate the fatigue life and fracture
mechanisms of GH4169/cast iron bimetal at different
porosities.

1.2 Simulation Method

1.2.1 Model of the exhaust valve

A V-type 12-cylinder engine exhaust valve was
selected as the research object. A single-exhaust valve
assembly model was established to analyze the thermal
and dynamic characteristics of the exhaust valve under
service conditions. The single-exhaust valve assembly
consists of the camshaft, exhaust valve spring seat,
exhaust valve spring, exhaust valve guide, and
exhaust valve seat, as illustrated in Fig. 4(a); the
exhaust valve spring was represented using connector
elements ( as shown by the red line in Fig. 4(a)).
Tetrahedral elements were employed to mesh the
components of the single-exhaust valve system, as
shown in Fig. 4(b). The cam was meshed with an
element size of 0.5 mm to ensure the accuracy of the
cam profile, while the remaining components were
meshed with an element size of 1 mm. The thermal
and mechanical simulations of the single-exhaust valve
assembly were carried out using Abaqus software.

The materials assigned to the components of the
single-exhaust valve assembly mainly include
austenitic stainless steel ( 21-4N ), cast iron, and
GH4169;

Table 2. The cam and exhaust valve spring seat were

their physical properties are listed in

modeled with the material properties of alloy steel. The

exhaust valve guide and seat were assigned the
material properties of cast iron. The exhaust valve was
composed of two materials; GH4169 for the valve
head and cast iron for the valve stem. The proportions
of GH4169 and cast iron within the exhaust valve were
determined by the interface location. As illustrated in
Fig. 5, four different interface positions were designed
in the simulation, and the material of the exhaust
valve was assigned accordingly based on each interface

position.
Cam {/ l/ ‘>
Spring
Spring seat

—_—

Valve guide

Valve

Valve seat
(a) Geometric model (b) Mesh model

Fig. 4 Single-exhaust valve assembly model
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Fig. 5 Interface position of the bimetallic

exhaust valve

Table 2 Material physical properties (room temperature )

Material Density Elastic modulus Yield strength Tensile strength Coefficient of thermal Thermal conductivity
(kg/m?) (GPa) (MPa) (MPa) expansion( x107%) (W/(m - k))
21-4N 7900 212 580 950 14.5 14.5
Cast iron 7000 135 295 350 11.0 43.0
GH4169 8240 204 1100 1350 13.0 13.4

1.2.2  Boundary conditions

Based on the loading characteristics of the exhaust
valve, the thermal conditions during seating can be
divided into 5 regions, as presented in Fig.6: (1)
Exhaust valve head bottom region ( A): During

4 .

exhaust valve opening, this area is exposed to high-
speed, high-temperature gas impingement; during
seating, it becomes part of the combustion chamber
and remains in continuous contact with hot gases,

thereby experiencing concentrated thermal loading.
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(2) Exhaust valve seat face/conical surface (B):
During opening, it is impinged by hot exhaust gas;
during seating, it is in tight contact with the exhaust
valve seat insert. Heat is transferred from the exhaust
valve through this contact into the seat insert and
dissipated via the cylinder head and cooling water
jacket. (3) Exhaust valve neck (C): With a small
cross-sectional area, the neck is directly scoured by
hot gases. During opening, the local gas velocity rises
sharply at this section, significantly increasing the
convective heat transfer coefficient and raising the
local temperature. (4 ) Exhaust valve stem (D) :
During opening, part of the stem is exposed to the
exhaust port; during seating, it enters the exhaust
valve guide, where heat is dissipated mainly through
conduction into the guide wall. (5) Exhaust valve
stem tip (E) : This region primarily dissipates heat via
solid conduction through contact with surrounding
components.

E

D

Fig.6 Thermal boundary conditions of the

exhaust valve

The thermal boundary conditions for each exhaust
valve region were modeled as third-type ( convective )
boundary  conditions, and the corresponding
convective heat transfer coefficients were determined
resistance and forced-convection

using thermal

models, as listed in Table 3.

Table 3 Thermal boundary conditions of the exhaust
valve

Convective heat
Parameters Temperature (K)

transfer coefficient (W/m? + K)

A 873 395
B 653 5000
Cc 873 600
D 423 300
E 300 243

In the single-exhaust valve assembly, four contact
pairs were defined as follows: (1) Exhaust valve-
cam: the cam provides driving force during rotation,
and the contact was modeled as frictionless; (2)

Exhaust valve-exhaust valve guide; due to effective
lubrication, the contact was modeled with a friction
coefficient of 0.1; (3) Exhaust valve-exhaust valve
seat; given the long-term  high-temperature
environment and the need to ensure sealing, the
contact was modeled with a friction coefficient of 0.3.

During operation, the exhaust valve is primarily
subjected to the spring force and the in-cylinder
pressure. The boundary conditions and loading of the
single-exhaust valve system were defined as follows:
the cam, exhaust valve guide, and spring seat were
modeled as rigid bodies to reduce computational cost,
whereas the exhaust valve and exhaust valve seat were
modeled as elastic bodies. The cam was set to a
rotational speed of 2100 r/min; the spring was
modeled between the two spring seats with a stiffness
of 30000 N/m and an initial preload of 290 N. The
exhaust valve guide and seat were fully constrained,
and a time-dependent cylinder pressure with a peak
value of approximately 22 MPa was applied to the

exhaust valve head.
2 Results and Discussion

2.1 Effect of Porosity on the Properties of
Bimetal

2.1.1 Effect of porosity on the tensile properties of bimetal
The GH4169/cast exhibited

relatively high porosity, and numerous defects were

iron  bimetal
observed at the interface. The porosities of the bimetals
fabricated under process schemes 1, 2, 3 and 4 were
12.05%, 4.24%, 2.68% and 0.27%, respectively.
Fig.7 illustrates the cross-sectional microstructures of
the GH4169/cast iron bimetals. Under high porosity
conditions ( process scheme 1), numerous pores are
present within the GH4169 region, and the pore sizes
at the bimetallic interface are even larger. When the
porosity is reduced to 4.24% ( process scheme 2 ),
defects within the GH4169 region decrease markedly ;
however, relatively large pores remain at the interface.
These large interfacial defects may act as stress
concentrators during loading, potentially causing
premature fracture at the interface. Once the porosity
decreases to a certain threshold, no apparent defects
are observed in either the GH4169 region or the
interfacial zone ( process scheme 2).

Tensile tests were individually conducted on the
three bimetal specimens with relatively high porosity

3) under strain-controlled
. 5.

(process schemes 1 -
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loading at a rate of 2.5x10™* s™" until fracture at room
temperature. Fig. 8 presents the stress-strain curves of
tensile specimens with different porosities. Among
them, the tensile strength of the specimen from
process scheme 3 was the lowest, 280.66 MPa; the
specimen from scheme 2 exhibited a much higher
tensile strength of 463.48 MPa compared with scheme
3; and the specimen from scheme 1 achieved the
highest tensile strength of 482.88 MPa. Comparison of

(b) Process schemes 2

(a) Process schemes 1

the stress-strain curves from schemes 1 and 2 reveals
that both specimens fractured at the bimetallic interface
during tension, indicating that interfacial tensile
strength increases as porosity decreases. When porosity
was further reduced to ~ 2.68%, fracture occurred
within the cast iron rather than at the interface,
strength  had

demonstrating that the interfacial

exceeded that of cast iron.

hate Sni!, wo by @

(c) Process schemes 3

(d) Process schemes 4

Fig.7 Cross-sectional microstructure of the GH4169/cast iron bimetal
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Fig. 8 Stress-strain behaviour of bimetals with
varying porosity

Porosity is thus a critical factor governing the
fracture behaviour of GH4169/cast iron bimetals.
High porosity in the GH4169 region implies abundant
interface defects that act as stress concentrators. These
voids reduce the effective bearing area at the
interface, making it the most vulnerable region to
failure under tensile loads. As porosity decreases,
interface defects are reduced, thereby improving
continuity and enhancing bond quality. At low
porosity levels, the effect of porosity on tensile
strength becomes negligible''”’, and the interface
exhibits strong load-bearing capacity. At this stage,
the interface no longer limits tensile performance;
fracture instead occurs within the cast iron, which
becomes the weakest region in the GH4169/cast iron
system. Therefore, reducing porosity (i.e., increasing

.6 -

density ) improves the metallurgical bonding quality at
the interface and enhances interfacial tensile strength,
allowing the overall mechanical performance of the
bimetal to approach that of cast iron, the weaker
constituent. Controlling porosity to a sufficiently low
within  the
parameter range of this study, when porosity was

level ensures reliable performance;
reduced below 2.68% , the interfacial tensile strength
of GH4169/cast iron bimetal surpassed that of cast
iron.
2.1.2  Effect of porosity on the fatigue properties of
bimetal

The GH4169/cast iron bimetal produced under

process scheme 1 exhibited a tensile strength of only

280.66 MPa, with high interfacial porosity and poor

bonding quality ( as presented in Fig.7(a));
therefore, fatigue testing was not considered
meaningful.  Accordingly, fatigue tests were

conducted on the bimetals fabricated under process
schemes 2 and 3 to evaluate the influence of porosity
on fatigue performance, as summarised in Table 4.
scheme 2 ( porosity 4.24%), the
specimen endured approximately 186736 cycles at

For process

room temperature and 80083 at 250 ‘C, with fracture
consistently occurring at the bimetallic interface. In
contrast, when porosity was reduced to 2.68%
(process scheme 3), the specimens survived more
than 1000000 cycles

temperatures.

under room and elevated
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Table 4 Cycles of bimetals with different porosities

At room temperature

At 250 C

Process scheme Porosity (%)

Fatigue cycles

Fracture location

Fatigue cycles Fracture location

2 4.24 186736

3 2.68 >1000000

Interface 80083 Interface

- >1000000 -

The coupled influence of porosity and temperature
dictates the fatigue life of GH4169/cast iron bimetals.
At a porosity of 4.24% , numerous residual voids
remain at the interface (as displayed in Fig.7 (b)),
acting as stress concentrators under cyclic loading and
facilitating crack initiation and propagation. In this
case, interfacial defects dominate the fatigue failure
with the rate

process, of degradation further

accelerated at elevated temperatures ™.

[21

Previous
studies'®"! have also shown that when the porosity of
LPBF-fabricated components is reduced below a
certain threshold, fatigue behaviour shifts from defect-
dominated to microstructure-dominated. When the
porosity decreases to 2.68% , no noticeable defects are
observed at the GH4169/cast iron interface, and the
interfacial metallurgical bonding quality is improved
(as displayed in Fig.7 (c)). Consequently, stress
concentration is effectively suppressed, with fatigue
life exceeding 10° cycles at both room temperature and
250 C. Under these conditions, fatigue performance
is no longer governed by interfacial defects but is
instead controlled by the weaker component within the
bimetal. Therefore, reducing porosity significantly
enhances the fatigue resistance of GH4169/cast iron
bimetals, bringing their performance closer to that of
the weaker material. These findings further validate the
applicability of bimetal in structural components.
2.2 Thermal and Dynamic Behaviour of

Bimetallic Exhaust Valves

Under low porosity conditions, the tensile and
fatigue properties of the GH4169/cast iron bimetal in
high-temperature environments are mainly limited by
the weaker of the two materials, which is cast iron.
Compared with cast iron, GH4169, the former has
worse high temperature strength, less plasticity,
poorer crack resistance, and these factors reduce the
service life of bimetallic parts. The temperature and
mechanical load that the exhaust valve faces under
service conditions affect whether it is feasible to use
GH4169/ cast iron bimetal.
2.2.1 Thermal behaviour of bimetallic exhaust valves

Fig.9(a) shows the thermal characteristics of the

21-4N exhaust valve in service, such as temperature,

temperature gradient, and heat flux density. The valve
head and neck regions encounter high-temperature gas
flow, which results in a quick temperature rise. The
conical seat region, in solid-to-solid contact with the
exhaust valve seat, keeps the relatively low
temperature. As the main heat conduction pathway,
the valve stem is in the lowest temperature
environment.

Fig.9 (a) shows that the distribution of the heat-
flux density in the exhaust valve indicates the path of
heat transfer. Heat within an exhaust valve is mostly
taken away through the conical seat and the stem.
Large heat flux density at the conical seat, which has
heat transfer by solid-to-solid with the exhaust valve
seat. The area with the greatest heat flux density is
between the exhaust valve head and the valve stem,
and the heat is then dissipated along the valve stem. In
the exhaust valve stem, the heat flux density is radially
uniform. At the exhaust valve stem, the heat flux
density has a uniform radial distribution, but there is
an obvious axial gradient that decreases gradually from
the head to the stem tail and reaches a minimum.

Exhaust valves of different materials show the
same temperature distribution pattern under service
conditions, but their temperature levels and gradients
vary greatly. As shown in Fig.9, the 21-4N exhaust
valve, due to its relatively low thermal conductivity,
has the highest temperature peak (792.6 K) and the
greatest temperature gradient (2.49x10* K/m). The
thermal conductivity of GH4169 is higher than that of
21-4N. Therefore, the GH4169 exhaust valve exhibits
a lower peak temperature but the greatest temperature
gradient. Of the three materials, cast iron has the
highest thermal conductivity, which allows for quicker
heat transfer inside the exhaust valve and lowers the
peak temperatures and the temperature gradient. But it
raises the lowest temperature of the valve stem as well.

The higher thermal conductivity of cast iron

improves the heat dissipation capability of the
GH4169/cast iron bimetallic exhaust valve. Table 5
summarizes the maximum temperature, lowest
temperature, interface temperature, and highest

temperature gradient of bimetallic exhaust valves at
.7 .
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different interface positions. The proportion of cast
iron decreases as the interface position changes from 1
to 4, which leads to a 10.5 K increase in the peak
temperature of the valve head, with little change in the
valley temperature of the valve stem. The temperature
of the interface decreases from 769.4 K to 553.9 K
while the highest temperature difference is from
1.67x10" K/m to 2.29x10* K/m. As the interface
approaches the valve head, a greater portion of cast
iron heat
reduces the temperature gradient. However, exposure

improves dissipation performance and

to high temperatures makes the surfaces of the

Temperature (K)

792.6
7513
668.5
627.2
585.8
544.4
503.1
461.7
420.3
379.0
337.6

Section
—

Grad temperature (K/m)

interfaces and cast iron unreliable. Conversely, when
the interface is located nearer to the valve stem, the
higher proportion of GH4169 enhances the high-
temperature mechanical performance of the exhaust
valve, yet subjects the component to greater thermal
loads, Therefore, the
interface position in GH4169/cast iron bimetallic
exhaust valves should be optimized based on actual
service temperatures and loads to achieve a balance

reducing its service life.

among interfacial strength, long-term durability, and
economic efficiency.

o (K/m), HFL(J/s'n?)
49x1 4.53x10°
2.87x10* 4.15%10°
2.08x10* 3.79x10°
1.67X10: 3.04%10°
1.47x10 s
dieye 2.67X1O(
. . 2.03x10°
LI 1.93x10°
i
: . 1.19x10°
44910 8.17x10°

2.44x10° il

(a) 21-4N exhaust valves

Temperature (K) Grad temperature (K/m)

780.4 1.64x10*
740.2 1.51x10%
700.1 1.37x10%
659.9 1.10x10%
619.8 9.67x10°
579.7 8.31x10°
539.5 6.96x10°
499.4 5.61x10°
419.1 4.25<10°
379.0 2.90x10°
338.8 1.54x10?

(b) GH4169 exhaust valves

Temperature (K)
753.9

Grad temperature (K/m)
2.23x10*

718.4 2.05%10°
680.3 1.68x10%
647.5 1.50<10°
612.0 1.32x10%

1.13x10%

576.5
541.1
505.6
434.6
399.1
363.7

(c) Cast iron exhaust valves

Fig.9 Thermal characteristics of exhaust valves with different materials

Table 5 Temperature of GH4169/ cast iron bimetallic exhaust valves with different interface positions

Temperature (K)

Position
Max. temperature Min. temperature Interface temperature Max. grad temperature
Position 1 769.4 328.2 769.4 1.67x10*
Position 2 772.0 328.2 698.0 1.66x10*
Position 3 775.2 328.1 626.2 1.97x10*
Position 4 779.9 327.9 553.9 2.29x10*

2.2.2  Dynamic behaviour of bimetallic exhaust valves
The exhaust valve returns from the fully open
position to the seat under the combined action of
spring force, inertial forces, and cylinder gas pressure.
Fig.10 illustrates the temporal variation of spring
force, valve lift, and seating velocity. The valve

.8 -

spring is preloaded to 290 N to ensure reliable sealing
during closure. A strong coupling between valve lift
and spring force is observed: as valve lift increases,
the spring compresses and force rises, reaching a peak
of approximately 430 N at the maximum lift
(approximately 5.06 mm) , thereby providing reliable
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return force during closure. Valve seat closure velocity
approaches —0.067 m/s while closing, and it suddenly
becomes 0 when it contacts the seat instantly. When
the valve is at the valve seating instant, it encounters a
significant impact load, which is mainly caused by the
spring and the inertia together.

S
(53
,g’i—« 3
£2430
a8 s
S
g 4
3 .
g 2
= |
2% ()
o E
og L 1
=2 0.3F . -0.067 m/s
R ———m—me e e e N - - - -
>2.0.
L -
~ 1.
% 0 03 06 09 12 15 1.8 2.1 24 27
> Time (x10?2s)

Fig.10 Valve motion characteristics

Fig.11 represents the stress distribution of the
exhaust valve at various instants. Under the influence
of spring preload, before the valve opens, the main
stress on the valve is the axial static load generated by
the spring, with low and evenly distributed stresses,
and the highest stress occurs at the geometric transition
between the valve head and the stem, as shown in
Fig.11(a).Fig.11(b) is the stress distribution of valve
seating. Combined with spring force and inertia, the

Mises (MPa) Mises (MPa)
11.19 K 11.01
10.27 K IIEmJ4
9.34 i 9.28
8.41 i 8.41
7.49 7.55
6.57 6.68
5.64 1 sg)
471 4.95
3.78 4.08
2.86 3.21
1.94 234
1.02 1.48
0.89 0.62

(a) Spring preload force

2
any

(b) Valve seating instant

valve contacts the seat, causing localized stress

concentration at the seat cone. Geometric
discontinuities of the valve stems serve as a point for
load transfer and have a high concentration of stress.
During combustion (as shown in Fig.11(c) ), high-
temperature, high-pressure gases are applied to the
surface of the valve head, causing a peak stress in the
valve surface area and reaching a maximum of
166.5 MPa. In the valve stem area, the stress is much
lower, about 15.2 MPa.

The behavior of valves under dynamics is heavily
dependent on their mass. Lighter materials reduce
inertia and make responsiveness quicker at higher
speeds. Table 6 gives the mass of the GH4169/cast
iron bimetallic exhaust valve at different interface
positions, along with the corresponding seat velocity
and the maximum/minimum stress value. The mass
difference between the GH4169/cast

valves and the 21-4N valve is minimal. When the

iron bimetal

interface is at position 1, it is closer to the valve head
and hence has the least mass for the exhaust valve.
This configuration can obtain a higher closing speed
and lower stress level. The remaining material has
roughly the same mass, dynamics, and stress
distribution. As can be seen from above, the quality of
the GH4169/ cast iron bimetallic exhaust valve is about
the same as that of the 21-4N valve, and the effect of

mass on stress distribution is very small.

Mises (MPa)

[l 66.5

152.7
139.0
125.2

(c) Combustion onset

Fig.11 Stress distribution of the exhaust valve at different operating instants

Table 6 Mass, seating velocity, and maximum/minimum stress of exhaust valves with different materials

Materials Weight (kg) Valve velocity (m/s) Max. mises ( MPa) Min. mises (MPa)
21-4N 0.782 -0.014 166.5 15.20
GH4169/cast iron (Position 1) 0.766 -0.067 158.0 14.27
GH4169/ cast iron ( Position 4) 0.784 -0.012 169.0 18.13
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2.3 Reliability of Bimetallic Exhaust Valves

at Different Temperatures

GH4169/cast iron bimetallic exhaust valves are
subjected to cyclic thermo-mechanical loading during
service, including transient thermal shocks induced by
high-temperature gas impingement, inertial impact
loads generated during valve opening and closing, and
contact stresses at the valve seat interface. These
complex loading conditions collectively govern the
reliability of the The

predominant failure mechanisms of GH4169/cast iron

long-term component.
bimetallic valves include premature interfacial failure,
low-cycle fatigue caused by repetitive seating impacts,
and fatigue crack initiation and propagation within the
Therefore, the
metallurgical bonding quality and the high-temperature

constituent materials. interfacial
fatigue resistance of the bimetallic structure are critical
factors determining its operational reliability.

Within the scope of the present process trials,
when the porosity of the bimetal decreased to 2.68% ,
its tensile and fatigue properties were already governed
by the weaker constituent, namely cast iron. For the
bimetallic exhaust valves fabricated under process
scheme 4, the porosity was as low as 0.2%. Thus,
their tensile and fatigue behaviour can likewise be
inferred to be cast iron dominated. Based on the
simulated temperature distributions at different
interface positions,400 T, 500 C, and 600 C were
selected as thermal loads to test the tensile strength of
the process scheme 4 bimetal.

Fig.12 presents the stress-strain curves of
GH4169/cast iron bimetals fabricated under process
scheme 4 at 400 C, 500 C, and 600 C. The
measured tensile strengths at 400 C, 500 C, and
600 C were 478.51 MPa, 490.40 MPa, and 462.24
MPa, respectively. All specimens fractured on the cast
iron side, demonstrating that the interface possessed
strong metallurgical bonding, and its strength at
elevated temperature exceeded that of cast iron. With
increasing temperature, both tensile strength and
fracture strain declined, significantly reducing the
service reliability of bimetallic exhaust valves under
high-temperature operating conditions. Higher tensile
strength generally suppresses crack initiation and
propagation under cyclic loading, leading to higher
fatigue strength. Given the extremely low porosity, the
fatigue performance of this bimetal is not expected to
The high-

temperature tensile-compressive fatigue strength of cast
.10 -

be influenced by defect distribution.

iron is approximately 0.3-0.55 of its tensile

strengthm]

, which provides a basis for estimating the
fatigue strength of this bimetal. By estimating fatigue
strength as approximately 0. 3 times the tensile
strength, the fatigue strengths of GH4169/cast iron
bimetals at 400 T, 500 C, and 600 T were
calculated to be 146.25 MPa, 147.12 MPa, and
138.67 MPa, respectively. These results are consistent
with literature reports in Refs. [ 23 — 24 ], which
indicate that the fatigue strength for cast irons of
similar grades is about 143 -160 MPa at 400 C and

108-140 MPa at 500 C.

500F — 600 C 47851  490.40
e 462.24
—400 C
400
<
=¥
£ 300
g
<200
100
0 L L L L L
0.005 0.010 0.015 0.020 0.025
Strain(mm/mm)
Fig. 12  Stress-strain curves of bimetals with

different temperatures

Based on the simulated stress distribution, the

maximum  operating stress and corresponding
temperature can be compared with the fatigue strength
of the GH4169/cast

temperatures to evaluate the safety margin of the

iron bimetal at service
bimetallic exhaust valve. Dynamic analysis of the
exhaust valve shows that the valve stem bears stress
around 15 MPa and the highest stress of the valve head
166.5 MPa, the GH4169/cast

bimetal interface at position 1 locates in the geometric

reaches about iron
transition area of the valve head, which is under the
influence of high temperature (792 K) and stress
concentration ( 166.5 MPa) during combustion, and
exceeds the fatigue strength of cast iron at 600 C. The
temperature at the valve stem has dropped to around
500 -700 K, and the stress is well below the fatigue
GH4169/ cast

temperatures. GH4169/cast iron bimetal interface is in

limit  for iron bimetal at those
a safe position at positions 2, 3, and 4. Interface
position 2 is an optimal balance of quality and cost
effectiveness and represents the best possible design.
Moreover, a superior metallurgical bonding interface

forms under low porosity, thereby suppressing crack
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initiation and delamination during thermal cycling.
From a design margin and a service life
standpoint, GH4169 used in the high-temperature area
improves the high-temperature strength and fatigue
resistance of the exhaust valve; cast iron used in the
low-temperature area is a compromise between
excellent thermal conductivity and cost-effectiveness.
interface
load, the

GH4169 cast iron bimetallic exhaust valve has very

Based on thermal stress distribution,

temperature, and dynamic mechanical
good reliability under general working conditions,
which can meet the long-term working requirements of
the engine exhaust system.

3 Conclusions
By controlling porosity and adjusting interface

LPBF-fabricated GH4169/cast
exhaust

positions, the iron

bimetallic valve demonstrates reliable
operation under service conditions, which gives a
feasible design approach to apply bimetallic valve
components in engineering. The main conclusions are
as follows.

1) Porosity is the main factor that controls the
GH4169/ cast

bimetallic interface. High porosity greatly decreases

mechanical behavior at the iron
the interface tensile strength and fatigue life, leading
to premature interface failure. Porosity is less than
about 2. 67 % where the interfacial tensile strength
exceeds that of the cast iron, and the fatigue life is
more than 10° cycles, so that the overall mechanical
behavior is essentially that of the cast iron.

2) Exhaust valve thermal behavior is affected by
both material thermal conductivity and geometric
structure. The valve head region has the highest
temperature; the valve stem and valve seat cone are
the main heat-dissipation paths. The increase of the
cast iron ratio in the bimetallic exhaust valve improves
thermal and decreases

conductivity temperature

gradients, improving thermal stability. Substantial
stress gradients arise when a valve is working. Peak
stresses ( 166. 5 MPa ) occur at the geometric
discontinuity between the valve head and the valve seat
cone, while stem stresses remain consistently lower
(15 MPa). Hence, the bimetallic interface must be
placed to avoid exposure of the cast iron to high
temperature and high stress regions.

3) GH4169/cast iron bimetal with low porosity

(0.2%) has excellent high temperature mechanical

properties. Within 400-600 C, it is much more than
the loads the valves face, so it is quite reliable for
exhaust valves. When the interface is at position 2, the
GH4169/ cast iron bimetallic exhaust valve has the best
combination of performance and cost.
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