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Study on the temperature field loaded by a shaped
laser beam on the top surface of a cylinder head for
thermal fatigue test
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In thermal fatigue test, the key point is whether the temperature field on the top surface of cylinder head induced by the heat source
can well match it in real service. In order to produce the target temperature field in service which is measured by thermocouples, shaped
laser beam generated by diffractive optics element (DOE) is chosen as the heat source to irradiate on the top surface of cylinder head. The
DOE is designed based on the Gerchberg-Saxton (GS) algorithm and the simulated temperature field is calculated by finite element model
(FEM). The results show that the simulated and experimental temperature field can well match the target one which demonstrates that this

method is feasible to produce the target temperature field and can be used in thermal fatigue test.
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1 INTRODUCTION

During diesel engine works in service, as one of the key parts,
cylinder head is subjected to thermal fatigue due to periodic
thermal loading of high temperature combustion gas, which
will lead to intense stress concentration and accelerate the
failure or fault of cylinder head [1]. With the development
of high power density diesel engine, the failure and fault of
cylinder head caused by thermal fatigue have become a main
problem [2]. Therefore, several approaches with different heat
sources to perform thermal fatigue test on cylinder head have
been proposed, such as localized flame, high frequency wire
coil, quartz lamp, etc. [3, 4]. The accuracy and reliability of
thermal fatigue test depends on whether the temperature field
on the top surface of cylinder head induced by the heat source
can well be consistent with it in real service condition. Because
the temperature field in real service condition is non-uniform
and always has particular distribution [5], it is difficult with
these heat sources to generate the required temperature field.

Laser has temporal and spatial controllable characteristic, so it
can be considered as the heat source to irradiate on the top sur-
face of cylinder head to perform thermal fatigue test [6]. Re-
cently, the shaped high power laser beam with symmetric dis-
tribution has been employed in thermal fatigue test on large
engine parts like pistons and cylinder heads [7]-[9]. However,
the most studies focus on pistons and the temperature field
on cylinder head induced by the shaped laser beam with sym-
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metric distribution can’t well reflect the real temperature field
in service which always is non-uniform and non-symmetric.

The aim of the present paper is that the temperature field
on the top surface of cylinder head loaded by shaped laser
beam with certain intensity distribution can well match the
target one in real service. The temperature field on the top
surface of cylinder head in work conditions is measured by
thermocouples and it is assumed to be the target tempera-
ture distribution. The shaped laser beam is produced with
the aid of diffractive optics element (DOE) which can mod-
ulate freely the irradiance and phase profile of laser beam us-
ing their surface relief microstructures [10]. Before a DOE can
be manufactured, the temperature field loaded by the shaped
laser beam can be calculated based on finite element model
(FEM) [11]-[13]. When the simulated temperature distribution
well agrees with the target one, the DOE can be designed ac-
cording to the certain intensity distribution of the shaped laser
beam and then can be fabricated by very large scale integra-
tion technique [14]. Finally, the temperature test experiment
on the top surface of cylinder head loaded by the shaped laser
beam produced by the DOE is done. The results show that the
test temperature field is well consistent with the target one in
service. Based on the conclusion, typical thermal loading con-
ditions [15, 16], such as thermal high cycle fatigue and thermal
low cycle fatigue, can be simulated by controlling the laser
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FIG. 1 The thermocouple distributions on the top surface of cylinder head.

loading time or the temperature fluctuation range. The study
will provide meaningful technical reference for the evaluation
of laser thermal loading and damage on cylinder head.

2 THE TARGET TEMPERATURE FIELD
AND NUMERICAL MODEL

2.1 The target temperature field

The engine parts are under complex thermal mechanical load-
ing in real working conditions, and the real temperature field
on the top surface of cylinder head in service is measured by
thermocouples. The thermocouples are buried on the bridge
zones of the fire board and location of the thermocouples is
shown is Figure 1. The distribution of the temperature test
spots is among the bridge zones, because the bridge zones are
the key regions with particular concerns and always have the
risk of damage [17]. Therefore, the temperature test results can
well reflect the temperature field on the concerned regions.

The temperature test results by thermocouples which tend to-
wards stability are shown in Figure 2. Figure 2 shows that the
three working conditions of 1700 r/min (30 KW), 1900 r/min
(33 KW) and 2000 r/min (37 KW) have the similar tempera-
ture curve, and they are adopted as the target test conditions
in thermal fatigue test in our study. The temperature field dis-
tribution of the combustion surface is drawn in Figure 3 ac-
cording to the temperature test results. Figure 3 describes the
real temperature field in service which is assumed to be the
target temperature distribution. The temperature field on the
top surface of cylinder head induced by the shaped laser beam
must agree with it, and this is the first step to perform the ther-
mal fatigue test.

2.2 Numerical model

In order to calculate the temperature field loaded by the
shaped laser beam based on finite element model (FEM), the
numerical model of the cylinder head must be built which is
shown in Figure 4. The calculated software is ANSYS with the
version of 12.0. The mesh type is solid 70 and the total num-
ber of nodes is 200983. The power of the input laser beam is
3 kW and the wavelength is 1064 nm. The transient tempera-
ture field T(x, y, z, t) in cylinder head obeys the equation [18].
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FIG. 2 The temperature test results using thermocouples. (a) The temperature curve in

x direction; (b) The temperature curve in y direction.
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FIG. 3 The temperature field distribution on the combustion surface.

Cal =k azl + azl + 827’1" (1)
Por =" \ax2 T a2 T a2

where p, ¢, and k are the density, specific heat and thermal con-
ductivity, respectively. Based on Fourier’s law of heat conduc-
tion, the heat flux on the top surface of cylinder head obeys.

oT
q=—ko @
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FIG. 4 Finite element model of cylinder heat.
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FIG. 5 The final intensity distribution of the shaped laser beam.

where ¢ is the heat flux density vector, n represents normal
directions to the surface, and dT/dn means the temperature
gradient. The plane of bottom surface is assumed to be ther-
mal insulation, so it can be assumed adiabatic boundary con-
duction.

oT

fkgr:o 3)

Surfaces besides the bottom surface are assumed to be natural
convection with the environment.

oT
—k o

= (T~ T,) 4)

n

where i is the coefficient of convection, T, is the environmen-
tal temperature.

The material of the cylinder head in our study is HT250. In or-
der to make the experimental and simulated results agree with
each other, the model parameters have been verified [19]. The
temperature fluctuation range on the top surface of cylinder
head in service is below 350°C, so the parameters of the model
can be simplified to be invariant. The parameters after verifi-
cation are shown as below: density is 7.3 g/cm?, specific heat
is 0.54]/(g-°C), thermal conductivity is 52 W/(m-°C), and ab-
sorption rate is 50%.
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FIG. 6 The comparison between the simulated temperature results with the target ones.

(a) The comparison results in x direction; (b) The comparison results in y direction.

3 THE INTENSITY DISTRIBUTION OF THE
SHAPED LASER BEAM AND LASER
SHAPING DESIGN

The real temperature field on the top surface of cylinder head
in service conditions is non-uniform field which has particu-
lar distribution, and the size range of the temperature field is
more than 100 mm. In order to get similar temperature field
when using laser beam as heat source, the laser beam shaping
technology must to be considered due to the physical feature
of original laser beam. The shaped laser beam with certain in-
tensity distribution and its design method are shown in what
follows.

3.1 The intensity distribution of the
shaped laser beam

The intensity distribution of the shaped beam is obtained
through a reverse design method with the aid of finite ele-
ment model (FEM) [8]. Based on the target temperature field,
the shaped laser beam with certain intensity distribution is
chosen as heat source to irradiate on the top surface of cylin-
der heat which is shown in Figure 5.The intensity ratio of the
three regionsis I(Areal) : I(Area2) : I(Area3) =35:5:60, and
R3 = 10 mm, rr0 = 30 mm, R2 = 40 mm, R1 = 66 mm. The
temperature result on key region of particular concern calcu-
lated by finite elements model is shown is Figure 6 and Fig-
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FIG. 7 The simulated temperature distribution by FEM on the combustion surface.
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FIG. 8 The sketch of laser shaping design.

ure 7. We can see that the temperature results in x direction
well agree with the target results, but the results close to the
region outside in y direction deviate from the target values.
However, we focus on the inner area on the bridge zones in
the combustion surface, because the inner area on the bridge
zones is easily damaged in real service. Therefore, the tem-
perature deviation close to the region outside in y direction
has a little effect to the whole temperature distribution on the
bridge zones in the key regions. Above all, the temperature
results loaded by the shaped laser beam calculated by FEM in
the combustion surface on the top surface of the cylinder head
are in conjunction with the target temperature field.

3.2 Laser shaping design

The shaped laser beam with certain intensity distribution is
designed with the aid of diffractive optics element (DOE). The
input laser beam irradiates on the DOE, and it is modulated
by the phase of the DOE. As a result, the shaped laser beam
with desired intensity distribution can be generated at the out-
put plane, and the sketch of laser shaping design is shown in
Figure 8. Because high power laser beams generally have high
order transverse modes, the incident laser beam after collimat-
ing can be approximately expressed as flattop beams in our
study. The diameter of the input plane is 50 mm and the laser
wavelength is 1.064 um. The relationship between the input
and output plane obeys the equation

(Pout =N- E (5)
Pin

where ¢out is the size of the output plane, ¢in is the size of
the input plane, N is the number of sample points, A is the
wavelength and z is the distance between the input and out-
put plane. According to the Eq. (5), the sample points of the re-
gions at the output plane can be calculated. The sample points
at the input plane is 10000 x 10000.
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FIG. 9 The phase design process of the DOE.

The phase of the DOE is designed by GS algorithm [20], and
the main design process is shown in Figure 9. The output
shaped laser beam calculated by GS algorithm is shown in Fig-
ure 10. We can see that the calculated result of the shaped laser
beam can satisfy the design requirement, and the intensity er-
ror is less than 5%. Obviously there also exists large intensity
fluctuation in each region, but these fluctuations are accept-
able for thermal fatigue test because the average effect of the
light power is mainly concerned and the high frequency light
can be negligible.

According to the phase date, the DOE is fabricated by very
large scale integration technique. The phase of the DOE can
be binary, multilevel or continuous. For high efficiency and
low costs, multilevel phase modulation of eight-level is cho-
sen. The phase date is quantified to three date groups of 7,
mt/2 and 7/4. Depending on the three date groups, e-beam
direct writing technology is used to create three masks. Sub-
tractive etching process is used, which includes lithography
and etching. Lithography process is consisted of treatment of
surface cleaning, whirl coating, prebake, exposure and devel-
oping. After lithography process, the mask patterns are trans-
formed into the photo-resist layer upon the glass substrate.
Reactive ion beam etching is applied to transfer the photo-
resist pattern onto the substrate. The material of the DOE is
quartz, and the etching depth corresponding to the phase 7,
nt/2 and 7/4 are 1.18 pm, 0.59 pm and 0.30 pm, respectively.
After the etching process, the etching depth of the diffractive
structure can be measured with a surface profile testing in-
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FIG. 10 The calculated intensity distribution of the output shaped laser beam. (a) The
3D calculated intensity distribution; (b) The 2D calculated intensity distribution.
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FIG. 11 The etching depth of the DOE.

strument by repeatedly scanning. One of the testing results is
shown in Figure 11. The average etching depth correspond-
ing to the phase 7, /2 and 7t/4 are 1.06 um, 0.52 pm and
0.28 pm, respectively. The deviations from the desired values
corresponding to phase differences are less than 10%.
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FIG. 12 The intensity distribution of the shaped laser beam detected by laser beam
analyser. (a) The 2D intensity distribution; (b) The 3D intensity distribution; (c) The

intensity profile.

4 EXPERIMENT OF THE TEMPERATURE
FIELD LOADED BY THE SHAPED LASER
BEAM

The intensity distribution of the shaped laser beam by the fab-
ricated DOE is detected by laser beam analyser, and the re-
sults show in Figure 12. We can see that the regions can meet
the requirements and the intensity radio of the three regions is
I(Areal) : I(Area2) : I(Area3) = 30:5:65. The average inten-
sity error is less than 5%, but the zero order intensity is high.
For laser thermal fatigue test of cylinder head, high zero or-
der intensity has little effect to the test because the center on
the top of the cylinder head is a hole where little energy is ab-
sorbed. Above all, the fabricated DOE can transfer the input
laser beam into the shaped laser beam with certain intensity
distribution.

14038- 5
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FIG. 13 The experiment equipment.

The fabricated DOE is placed in the laser head which is shown
in Figure 13, and the input laser beam irradiates on the DOE.
In Figure 13, the infrared pyrometers are mounted on the top
of the workbench to sample the surface temperatures at fo-
cused spots. The infrared pyrometers work at 2.4 um, a wave-
length that is not interfered by the working laser. High reso-
lution CCD cameras are employed to sample images of the
workbench. Air valve and water valve would be released
when auxiliary cooling methods are necessary.

The desired shaped laser beam can be achieved on the top
of cylinder head. The distance between the DOE and the top
surface of cylinder head is 1 m. The temperature field loaded
by the shaped laser beam is measured by infrared pyrome-
ters, and the results are shown in Figure 14. The temperature
results show that the temperature field detected by infrared
pyrometers is well accordance to the target temperature field
distribution, and the temperature error is less than 5%.

When the temperature field induced by the shaped laser beam
agrees with the real thermal fatigue ones, thermal high cy-
cle fatigue test and thermal shock test can be carried out by
the temperature controlled mode. The temperature controlled
mode is achieved by setting up maximum temperature Tnax
and minimum temperature T, in one thermal cycle for a
given inspection spot. The laser operates in a high power
mode till Thax is reached, then shifts to low power mode or
no power mode till Ty, is reached, forming one thermal cy-
cle. Temperature fluctuation range AT = Tmax — Tmin. In our
study, the thermal high cycle fatigue experiments have been
performed. The temperature fluctuation is 10-20°C, Tmax is
330°C and Tyin is 310°C. A test result is shown in Figure 15.
Figure 15 is the thermal high cycle temperature test result of
the highest temperature spot on the top surface of the cylin-
der head. The high power of the loaded laser is 3 kW and the
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FIG. 14 The temperature field loaded by the shaped laser beam on the combustion
surface. (a) The experimental results in x direction; (b) The experimental results in y

direction; (c) The experimental field distribution on the combustion surface.

temperature fluctuation is performed with the air cooling. The
next thermal fatigue test can be achieved by loading enough
thermal cycle which is related to the real service conditions.

Overall, the temperature field produced by the shaped laser
beam with certain intensity distribution can match the target
temperature distribution on the top surface of cylinder head.
This is the first step in the laser thermal fatigue test and the
next thermal fatigue test can be carried out based on the tem-
perature distribution. This study can provide the initial foun-
dation for the stress analysis and fatigue life prediction.
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FIG. 15 The preliminary study of thermal high cycle fatigue test.

5 CONCLUSIONS

This paper provides an effective method to simulate the real
temperature field on the top surface of cylinder head in work-
ing service which is measured by thermocouples. The shaped
laser beam with certain intensity distribution is chosen as the
heat source to irradiate on the top surface of the cylinder head,
and the simulated temperature field is calculated by FEM
which agrees with the target temperature field. The intensity
distribution of the shaped laser beam contains three regions
and the intensity ratio is I(Areal) : I(Area2) : I(Area3) = 35:
5:60. The DOE is designed to transfer the input laser beam
into the shaped laser beam based on GS algorithm. The sim-
ulated and experimental intensity distribution of the shaped
laser beam satisfies the requirements, and the average inten-
sity error is less than 5%. The fabricated DOE is placed in the
laser head, and the shaped laser beam irradiates on the top
of the cylinder head. In the real temperature test experiments,
the temperature field produced by the shaped laser beam can
match the target one, and it is a feasible way to simulate the
thermal loading in thermal fatigue test which can provides
some references for further research work like the thermal fa-
tigue test, stress analysis and life prediction, etc.
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