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Abstract: The support structure between payloads is an important part of a space gravitational wave
detection satellite, and its thermal stability will directly affect the interferometer’s measurement
accuracy. However, due to temperature changes, the connecting structure between the loads will
generate deformation, and a support structure with the coefficient of thermal expansion (CTE) of
—1 x 107%/K will thus need to be designed to counteract this thermal deformation. In order to
solve this problem, this paper adopts the method of mutual offsetting of the thermal deformation of
different materials to design a thermally stable support structure satisfying this negative CTE. The
structure was optimized by the arithmetic of non-linear programming by the quadratic Lagrangian
hybrid algorithm (NLPQL), and the structural parameter satisfying the CTE of —1.008 x 10~¢/K
was obtained. Meanwhile, the effect of the change in the thermal expansion coefficient of each
material on the overall structure under this parameter was sampled and calculated. Moreover, the
experimental results show that the CTE of the support structure under the optimized parameters was
—1.114 x 10~%/K, which differs from the simulation results by 9.5%.

Keywords: athermalization; Taiji Program; space gravitational wave detection; support structures

1. Introduction

Gravity waves are ripples in the spacetime structure predicted by Albert Einstein’s
theory of general relativity, constituting a form of a matter wave [1]. Gravitational wave
detection is important for understanding the evolution of the universe and the formation
of objects such as black holes and for verifying theories, such as general relativity [2,3]. In
the field of gravitational wave detection, the ground-based gravitational wave observatory
LIGO directly detected a gravitational wave event for the first time in 2016 [4]. However,
due to the limitations of the low-frequency Earth vibration and the Earth’s curvature, the
detection frequency range can only cover 10 Hz~10* Hz [5,6]. The sources in this range
primarily include black hole mergers with masses ranging from tens to hundreds of times
that of our Sun and binary neutron star mergers, holding significant astrophysical and
cosmological importance.

However, there are sources of gravitational waves with even deeper cosmic and
astronomical significance, such as supermassive black holes with masses ranging from
thousands to millions of times that of our Sun. These sources emit gravitational waves in
the low- to mid-frequency range (0.1 mHz to 1 Hz) [1,2]. In order to obtain gravitational
wave sources with higher red-shifts, larger scales at low and intermediate frequencies,
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as well as gravitational wave measurement information of deeper cosmological and as-
tronomical significance, space-based gravitational wave detection has become a more
preferable option [7,8].

Against this background, the Chinese space-based gravitational wave detection project,
the Taiji Program, was born. Its basic principle is to use a Michelson interferometer
to measure the changes in the laser path caused by the stretching or compression of
spacetime in the vicinity of the gravitational wave passages by means of heterodyne
interferometry [9,10]. A Michelson interferometer is an optical device that splits and recom-
bines light beams to measure small displacements and wavelengths through interference
patterns. The basic in-satellite structure is shown in Figure 1, and it consists of a proof
mass, an interferometer, a telescope, and its support structure [11]. The satellite’s internal
structures are used in pairs. The laser from the interferometer on the remote spacecraft
passes through the telescope, and after 3 million kilometers, it will be accepted by the
telescope on the other spacecraft to reach the local interferometer to interfere with the laser
reflected back to the interferometer by the local proof mass [3,11]. However, temperature
variations (about 0.1 K) in the space environment cause small deformations in the support
structure, which in turn lead to small changes in the optical path. Because the gravitational
wave signal is very weak, even very small variations in the optical path can overwhelm
the measurement signal [12]. In order to achieve the goal of the Taiji Program, i.e., an
interstellar ranging accuracy of 5-8 pm/Hz'/2 [12,13], it is necessary that “the support
system between the payloads has a thermal stability on the order of pm to ensure the
stability of the measured optical path”.

Figure 1. Basic structure inside the space gravitational wave detection satellite of the “Taiji Program”.

However, the internal support structure of the Taiji Program is different from the
traditional optical support structure. Firstly, it demands higher thermal stability (pm
level), making traditional support materials like aluminum alloys and titanium alloys with
relatively large coefficients of thermal expansion (CTEs) unable to meet the thermal stability
requirements of the Taiji Program. For instance, the CTE of titanium alloy is approximately
(8.6~10.03) x 10~¢/K, while aluminum alloy has a CTE in the range of (18~24) x 10~°/K.
Secondly, because the detection of gravitational waves in space is based on the detection
between satellites, it requires the satellite platform to have as little as possible or even no
magnetic moment to minimize the impact on the satellite attitude control [14,15]. Therefore,
some materials with large magnetic moments, such as invar, cannot be applied to the
support structure either. In addition, although carbon fiber-reinforced plastic (CFRP) can be
used to obtain an ideal CTE for the support rod by adjusting the layup of the carbon fiber
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material [16], due to the outgassing phenomenon of carbon fiber fabric (which is the release
of gases absorbed or trapped, such as water vapor, during the CFRP production process), it
can potentially have a significant impact on the dimensional stability of the structure [17].
Finally, the support structure is not used for the connection between components but for
the connection between payloads. Therefore, it is necessary to consider not only the effect
of reducing the thermal deformation generated by the support structure itself but also
the thermal deformation that may be generated by the connection structure between each
payload. Certainly, an actively adjustable support structure is also a good choice. However,
its adjustment precision is relatively low (um level) [18], and the vibrations that motors may
generate could potentially introduce noise for space-based gravitational wave detection.
Therefore, it cannot be directly used in the Taiji support structure.

Although excellent results have been achieved in temperature control, the temperature
change rate of the core load in Taiji-1 has realized (T & 0.1) K/1000 s, i.e., the temperature
change during the working process of 1000 s is controlled within 0.1 K, and this slow
temperature change ensures the temperature in the structure can be fully conducted. At the
same time, the high-precision and high-stability temperature controller inside the satellite
has been able to realize the temperature control accuracy index of (T % 0.005) K (T is
the calibration temperature), i.e., the fluctuation of the temperature uniformity inside the
experimental box does not exceed 0.005 K [19]. Therefore, it can be basically considered
that a uniformly varying temperature field has been realized inside the satellite. Thus, the
design of the support structure can be carried out in accordance with the uniformly varying
temperature field.

Based on the above content, in this paper, we mainly carried out three aspects of work:
(1) the support structure was designed with the combination of titanium alloy and alu-
minum alloy, the CTE difference in each material was used to improve the overall thermal
stability of the support rod, and the initial parameters of the structure were obtained; (2) the
whole structure of the rod was optimized by non-linear programming by the quadratic
Lagrangian hybrid algorithm (NLPQL) [20], the CTE of the structural parameters that meet
the requirements of the structural parameters was obtained, and the error caused by the
change in the CTE of each material was calculated; and (3) in the ground temperature-
controlled experimental box, the fiber-based interferometer and the temperature-controlled
box were used to determine the thermal expansion coefficient of the support structure, and
the actual overall thermal expansion coefficient of the structure was obtained. Through the
above work, we hope to contribute to the successful implementation of the Taiji Program
and the further development of the field of space gravitational wave detection. In the
next phase, we will continue to explore the stress and strain mechanisms arising from
the different CTEs of each material, aiming to further enhance the thermal stability of the
support structure. Ultimately, our goal is to achieve the pm level of dimensional stability
required for the Taiji Program.

2. The Design Process of the Taiji Support Structure
2.1. Specific Design Process

Although it is difficult for many single materials to meet the needs of the Taiji Pro-
gram in a uniform temperature field, it is possible to use the different thermal expansion
characteristics of the materials to produce a certain difference in the thermal expansion
process. Meanwhile, by adjusting the length of the rod of different materials to obtain
the specific difference in thermal expansion, this changes the CTE of the entire rod. At
the same time, the slow temperature change allows the metal to conduct heat sufficiently
so that the different materials reach the same temperature. According to Equation (1) for
thermal expansion,

Al = 1-AT-« 1)

Al is the displacement change, | is the material length, AT is the temperature change,
and « is the CTE of the material.
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We designed the thermal expansion support rod as shown in Figure 2. One end of the
rod is the reference end, and another rod of a different material, from the other end of the
previous rod, is expanded in the opposite direction to counteract the thermal deformation
of the previous rod. According to the difference in the thermal deformation of the different
rods, the displacement of the whole rod relative to the moving end and the reference end
can be controlled. Therefore, it is possible to realize an arbitrary CTE between the reference
end and the relative moving end of the whole rod within a certain interval, and the CTE
of the whole rod can be adjusted by adjusting the length of the sub-rod (i.e., the distance
between the adjustment surfaces) within a certain range of the amount of adjustment.

Direction of thermal
expansion of rod
Reference Relative

end _ mobile end
| =)

_— =)

3
o
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Figure 2. Schematic diagram of the thermal expansion support rod structure.

The design is a tube-like rod structure; due to the uniform temperature field, in order
to facilitate the calculation, it will be made into a symmetrical design, that is, rod 1 and rod
5 and rod 2 and rod 4 are of the same length and material. Assuming that o, 0tp, o3, 0tg, 0ts
is the CTE of rods 1, 2, 3, 4, and 5, one obtains &y = a5, xp = os. Based on the geometric
relationship, the following equation can be obtained:

Al = Aly — Alp + Al — Aly + Al 2)
Ir=h-h+l—-lL+Is 3)
L=l>hL=1I 4)

1
§13 > 1 5)

Alt is the displacement change for the linear thermal expansion of the overall rod;
Aly, Alp, Al3, Aly and Als is the displacement change for the linear thermal expansion of rod
1, rod 2, rod 3, rod 4, and rod 5, respectively; and 11,15, 13, 14, 15 is the length of rod 1, rod 2,
rod 3, rod 4, and rod 5, respectively.

According to Equations (1)—(3), it can be seen that the larger the difference between the
CTE of rod 2 «; and the sum of the CTE of rods 1 and 3 o + o3, the larger the difference
in the lengths of the sub-rods and the larger the space of the design. At the same time,
according to Equations (2), (4), and (5), it can be seen that if the support rod is to realize a
negative coefficient of expansion, it has to satisfy oy > «; 4+ «3. The CTE of the whole rod
o can also be obtained as

(i +15)0q — (I +1y) 00 + 13003
I

(6)

Xt =
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By choosing a material with a large difference in the CTE, i.e., satisfying oy > o + o3
and, at the same time, taking into account the low or no magnetic moment and light weight,
the aluminum alloy 7A09 and the titanium alloy TC4 are used as the support rod materials,
ie, ar = 01 = 63 = &5, xa] = Ay = &g. The connection structures at both ends of the
support structure will undergo a displacement of 2 x 10~% mm for a temperature change of
0.1 K. Additionally, given the distance between these two connection structures of 200 mm,
it is required for the overall CTE of the entire rod to be —1 x 107¢/K to compensate for
this displacement when conducting the validation design for a support distance of 200 mm.
A negative CTE means that when the temperature increases, the volume or length of the
object shrinks. This means that many displacements caused by metal or other positive CTE
materials due to temperature changes can be offset in the application of spatial support
structures. According to the material properties of aluminum alloy 7A09 and titanium alloy
TC4 provided by the materials’ manufacturer, which are shown in Table 1, Equations (3)—(6)
can be calculated to obtain the initial design values of each rod, which arel; =I5 = 95.7 mm,
I, =1y = 75.7 mm, and 13 = 160 mm.

Table 1. The relevant material properties of aluminum alloy 7A09 and titanium alloy TC4.

Material Elastic Modulus Density Thermal Conductivity CTE
(GPa) (g/cm®) (W/(m-K)) (1 x 10-6/K)

7A09 7.1 2.8 142 23.6

TC4 10.9 444 74 9.6

By inserting them into Equation (6), it can be concluded that the CTE of the whole rod
should be —0.998 x 10~°/K.

2.2. Optimization of the Structure and Error Analysis

In the actual working condition of the support rod, the temperature change should
satisfy (T £ 0.1)K/1000 s. However, in the actual simulation process, the displacement
change under the temperature difference is too small, which makes the simulation result
unreliable due to the computer calculation error. In order to avoid this problem, in the
actual simulation process, the amount of the temperature change will be increased, so that
the displacement caused by thermal deformation increases, and then the result will be di-
vided by the corresponding temperature rise times to obtain the actual approximate results.
Therefore, in the simulation, the temperature field is set to a uniform temperature field with
a temperature rise of AK = 20K, i.e., the temperature change range is 20 °C~40 °C. Accord-
ing to the material properties of 7A09 and TC4 shown in Table 1, and the corresponding
temperature change, the corresponding finite element model is established for calculation.
Its grid model is shown in Figure 3. The minimum length of the elements in the model
is 0.36486 mm, the maximum length is 1.13 mm, the minimum Jacobin is 0.72, and the
maximum aspect ratio is 2.92. At the same time, the number of elements is 195,840. Due to
the fact that the structure is inside a temperature-controlled box within the satellite, where
the temperature changes very slowly and the thermal conduction within the structure is
significant, we assume that the temperature is uniform across all nodes and the initial
temperature is 20 °C. We directly apply the uniformly varying temperature field (20~40 °C)
to all the nodes of the finite element model. Because the satellite experiences minimal
gravitation in space, which can be almost entirely neglected, the structure is essentially free
from any external payloads. Additionally, the pressure inside the temperature-controlled
box has little to no impact on the structure. Therefore, we do not apply any forces or
pressure within the model. And the thermal conduction at the contact surfaces of the
structural components is also direct conduction. And one end of the rod is limited to only
one degree of freedom of the axial displacement. The simulation solution is carried out by
using the OptiStruct of HyperMesh in hyperworks.
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Figure 3. Proportional grid model of the support rod.

However, due to the different CTEs of titanium alloy and aluminum alloy, a certain
amount of stress will be generated, which will lead to a certain amount of strain in the rod,
which will in turn affect the displacement accuracy of the whole rod. As shown in Figure 4,
if the initial value of the above equation is directly adopted, the relative displacement of the
two ends is —5.351798 x 10~% mm. According to Equation (1), the CTE of the whole rod can
be obtained as —1.3379495 x 10~° /K, which is 34.06% different from the theoretical data.

2369%10' 891710 [ 2510
[ 2.106%10' 6.936x10 - - 2310102
1842 10! 4956107 : :
— 1579x10! — 2976x10° — 1766x10°
1316%10' oot I o
I losaxi00 984210 12210
7.896x 100 ~2.964x10° 949510
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type:stress type:displacement type:displacement
unit:MPa unit:mm unit:mm

-

i B B

Stress figure Radial displacement Mag displacement
Figure 4. Schematic diagram of strain due to radial stresses.

In order to achieve the desired accuracy, we optimize the structure by using the
optimization method of the NLPQL with the objective of the CTE as —1 x 107%/K, i.e.,
the relative displacement of the two ends reaches —4 x 10~>mm for optimization. The
optimization process is shown in Figure 5.

Assuming that the distance between the internal and external adjustment surfaces is
x1 = 10.35579071 mm

the design variable x = (x1,X2), the final optimized result is { % = 160.001 mm

Due to the precision of processing, after rounding off the length of each rod, the final
results are ]y = Is = 948 mm, I, = 14 = 74.8 mm, and I3 = 160 mm. Its final thermal

deformation is —0.004032286 mm, and the CTE is —1.0080715 x 10~¢ /K.
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Figure 5. Flowchart of the optimization process of the whole rod structure.

Because there may be some errors in the measurement data of the CTE of the material
due to the measuring instruments in the actual measurement process, the DOE full factorial
design method [21] is utilized to sample the possible errors. We take the CTE of two
materials within the range of +5%, with 1% as a sampling interval. The results of the
response surface are shown in Figure 6. In the temperature difference in a 20-degree range,
the displacement of the two ends of the whole rod and the relative change in the CTE of
the two materials have a certain proportionality, that is, the CTEs of the two materials at
the same time increase or decrease; a certain percentage of the thermal deformation of
the whole rod displacement change is relatively small, while the two materials produce a
relative change in the thermal deformation of the whole rod which will produce a huge
change in the displacement of the thermal deformation of the whole rod. The figure
confirms Equation (6), that is, the influence of the thermal expansion coefficient of each rod
on the whole rod.
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Figure 6. Error response plot from variation in the CTE.
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3. The Thermal Stability Experiment and Results Analysis for the Support Structure

This experiment mainly involves two aspects: one is temperature control, and the
other is displacement measurement. For these two aspects, we establish both the environ-
mental temperature control system and the displacement interference monitoring system.
Moreover, the uniformity of the environmental temperature is verified. Meanwhile, the
relationship curves between temperature and displacement are measured under the same
time scale, and some analyses are carried out on this result.

3.1. Environmental Temperature Control System

For the experiments of building the environment, we use a polyethylene foam material
for insulation with a thermal conductivity of 0.06 W/(m:-K). Because we use sealing tape to
seal it, there is almost no outward gas exchange during the experiment. The internal gas
temperature rise is only related to the power of the heating films in the experimental box
and the heat exchange between the box shell and the outside world.

In this experiment, the size of the test box is 450 mm x 450 mm x 195 mm, its heat
dissipation area is 756,000 mm?Z, and the thickness of its box is 20 mm. The heat dissipation
from the thermal insulation test box can be considered as the conduction heat exchange
within the shell of the box, according to the conduction heat exchange in Equation (7):

Q="0ar @)
Q s the rate of heat transfer, A is the thermal conductivity of the material, S is the contact
area, d is the thickness of the material, and AT is the temperature difference between the two
ends. If the relevant parameters are inserted into the equation, the heat transfer from its case
to the outside world is obtained as 45.36 W. Because the specifications of the heating films
on both sides should be the same, in order to reduce the possible uneven temperature field,
selecting two 25 W polyimide heating films, totaling 50 W of heating power, therefore aligns
closely with the calculated specifications. The heat generated by the polyimide heating films
can quickly spread to the surrounding air, but if we do not speed up the heat exchange of the
surrounding gas, the box will produce a relatively large temperature difference inside; thus,
in order to speed up the gas exchange, a fan is added to the area surrounding each of the
heating films in the chamber of the experimental box. The fans should aim at each heating
film to blow on them. At the same time, in order to prevent heat concentration on the test
piece due to the fan blowing out directly, two windbreaks are utilized to isolate the heating
film from the fan as well as to make the fan blow air toward the heating film. The position
relationship of the devices in the experimental box is shown in Figure 7.
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Figure 7. A schematic representation of the arrangement of components inside the experimental box
and a temperature test results graph.
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Eight PT100 RTD temperature sensors are randomly and uniformly distributed in the
test area. The test data show that the temperature stabilization of its temperature difference
is about 0.5 K in the experimental region during the temperature rise process. In order to
test the effect of temperature uniformity in the box on the rod under test, the aluminum
alloy rod and titanium alloy rod are put into the test box before the formal experiment
starts, and the temperature sensors are uniformly attached inside and outside the rod to
monitor the temperature change. Due to the small size of the aluminum alloy rod, only
six detectors are used, while the titanium alloy rod is monitored by eight detectors. The
positional relationship between the temperature sensors and the rod under test during the
experiment is shown in Figures 8 and 9.

60 T
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—sensor4
50 - —sensor5 il
—sensor6 $2 outside temperature
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845 [ inside temperature bl
o measuring point
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T
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Figure 8. Temperature measurement position and temperature test results of aluminum alloys.
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Figure 9. Temperature measurement position and temperature test results of titanium alloys.

According to Figures 8 and 9, when the temperature in the experimental box has
reached equilibrium, the temperature difference in the aluminum alloy in the equilibrium
state is less than £0.3 K, and when the temperature difference in the titanium alloy is less
than +0.5 K, it shows that the uniform distribution of the temperature field is basically
achieved in the rod.

3.2. The Displacement Interferometric Monitoring System

In the displacement measurement system, we use a fiber-based interferometer to
measure the displacement of both ends of the rod due to thermal deformation, which is
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more convenient and more accurate than using a Michelson interferometer in a complex
atmospheric environment [22].
The measurement process of the fiber-based interferometer is shown in Figure 10.

Reference beam
Measuring beam
Laser direction

®4%laser beam (®96% laser beam
A

mirror

0,
(©3.8% laser bea (®3.8% laser beam

Figure 10. Principle schematic diagram of the fiber-based interferometer.

At first, the initial laser is directly reflected back by the fiber end face with 4% of the
laser to the fiber core as a reference beam (E;, while the remaining 96% of the laser passes
through the connector surface and is reflected by the mirrors to focus on the connector
surface. Approximately 4% of this beam (i.e., 96% x 4% = 3.84% of the laser) is again
reflected by the connector surface and will finally be reflected by the mirrors to focus on
the fiber core to form the measurement beam (Er,). The beams E; and Ey, are described by
the following equations, Equations (8) and (9) [12,22].

E, = Arefiq)reiZ’ltfrt (8)

E,, = Ape [Pmei2fnt )

Ay and Ay, are the amplitude factors, &, and ®p, are the phase factors, and f; and fr,
are the frequency factors. The response of the detector to the interfering beam is described
in (10), and Opet is the quantity of the optical intensity detected by the detector [12].
Because the process is zero-difference interferometry, both beams have the same frequency,
so f; = fm. Assuming that the phase difference between the two beams is A® = &, — &y,
the displacement Ax can be obtained according to Equation (11) as long as the phase
difference AP is detected.

Opect = 2ArAmcos(27(fy — fm) -t — (Pr — Pp)) (10)
Ax = %Acp (11)

In the process of displacement measurement, with the change in temperature inside
the insulation box, the environment inside the box, such as the humidity and pressure,
will change. And the temperature, humidity, and pressure will cause a change in the air
refractive index [23]. In order to minimize the influence of the change in the air refractive
index on the displacement measurement, the environmental compensation unit (ECU) is
introduced to compensate for the change in environmental factors, and the ECU calculates
the air refractive index by collecting the information on the surrounding environment using
the indirect measurement method [24,25].

In order to ensure that an interference path can be formed between the two end faces
of the measuring rod, we design a simple flexible structure for fixing and adjusting the
position of the reflector, which is made of invar, a material with a low CTE, which is
0.7 x 107 /K. The reflective surface of the mirror is also aligned with the measuring end
of the rod as much as possible to minimize the effect of the structure on the measurement
results. Meanwhile, in order to ensure the effectiveness of the flexible structure, a forced
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displacement of 0.01 mm is applied to it under the simulation condition, and its maximum
stress is 24 Mpa, which is much smaller than the yield limit of invar, 276 Mpa. The structural
diagram of the assembly of the flexible structure and the rod and the simulation results are
shown in Figure 11.

test member
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I|: laser
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Stress simulation
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Figure 11. Schematic diagram of the assembly position of the flexible structure.

3.3. The Experimental Process and Analysis Results

During the formal experiment, after removing some temperature sensors in each rod
to be tested, the fiber-based interferometer is installed on one side of the rod to be tested,
and the reflector is installed on the other side. The positional relationship diagram is shown
in Figure 12.

inside temperature ’
measuring point

The fiber
collimator

outside temperature
measuring point

the fiber-based
interferometer

Flexible structure

Figure 12. Overall experimental schematic.

After installing the equipment, due to the large gap between the temperature sensor
and the fiber-based interferometer sampling time interval, it is necessary to perform some
unification of their sampling time interval. The sampling interval of the interferometer
is 0.001 s, while that of the temperature sensor is 0.1 s, so we use a sampling interval
of 0.1 s. At the same time, in order to ensure the accuracy of the measurement of the
CTE of the experimental materials and to verify the accuracy of the measurement system,
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we first perform some measurements on the titanium alloy rods and aluminum alloy
rods in order to verify the thermal expansion properties of the materials provided by the
materials’ manufacturers. The thermal expansion—displacement curves of titanium alloy
and aluminum alloy are shown in Figures 13 and 14.
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R>=0.999
1
0 .
- L L
0 5 10 15 20 25
temperature/°C

Figure 13. The thermal expansion-displacement curve of aluminum alloy.
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Figure 14. The thermal expansion-displacement curve of titanium alloy.

The CTE of the material is known to be constant over a range of temperatures. There-
fore, we assume that the linear regression equation for the curve is I = 4 + bt. According to
the linear regression equation, we solve Equations (12) and (13):

= (12)
it —nt?
a=1-1 (13)

In the above two equations, 4 and b are the parameters to be determined and n is the
number of sampled data points. Therefore, by substituting the measurement data into the



Machines 2023, 11, 948 13 of 15

equations, we can obtain the linear regression equations for the temperature-displacement
curves of titanium alloy and aluminum alloy as follows:

1 =1.649 x 10°t — 7.387 x 10* (14)

1 = 2.075 x 10°t — 3.912 x 10* (15)

According to the equation for calculating the coefficient of determination,

n 1_12
R2:Zn*1(7) (16)

i1 (11 - 1)2

The coefficients of determination of titanium alloy and aluminum alloy can be ob-
tained as R? = 0.9993 and R? = 0.9999, respectively. It is known that the actual length of
the measured titanium alloy rod is 170 mm, and the actual length of the aluminum alloy
rod is 88 mm. Bringing Equations (14) and (15) into Equation (1), the CTE of titanium
alloy can be obtained as 9.7 x 10~°/K and the CTE of aluminum alloy can be obtained as
23.57 x 1074 /K, which is basically the same as that of the data provided by the manufac-
turer. Therefore, the size of each rod is first adjusted to a predetermined value, after which
it is assembled and measured. The experimental results are shown in Figure 15:
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-1.5 The fitting curve
g 1=2.228x105t-2.499x 103
o R?=0.9767
o 2
>
=
]
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=
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3.5 g
—4
45 I I I = AN |
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temperature/°C

Figure 15. The thermal expansion-displacement curve of the whole rod.

Bringing the data into Equations (12) and (13) gives the linear regression equation for

the whole rod as
1= —2.228 x 10°t — 2.499 x 10° (17)

And its coefficient of certainty is R? = 0.9767. The experimental results, as shown in
Figure 14, show that the temperature-displacement change curve of the whole rod has
a concave trend in the process of the temperature rise, resulting in the slope of the fitted
curve being larger than the measured results, which may be caused by the aluminum
alloy thermal conductivity efficiency being faster than that of titanium alloy, so the actual
value should be closer to the theoretical and simulation values. Bringing Equation (17) into
Equation (1), the CTE of the whole rod is —1.114 x 10~¢/K, which is 9.5% different from
the simulation results (—1.0080715 x 10~°/K) and basically meets the design requirements.
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4. Conclusions

In the Chinese Taiji Program, the support structure between the payloads requires
high thermal stability and low or no magnetic moments. In order to meet these require-
ments, a support rod with a CTE of —0.998 x 107%/K was designed by using titanium
alloy and aluminum alloy, and the optimized CTE was —1.0080715 x 10~¢/K. The CTE
of —1.114 x 109 /K was verified by the experiments, which is 9.5% different from the
simulation results, and the feasibility of this design was verified. This result essentially
meets the Taiji Program’s requirement for a whole 200 mm support rod with a CTE of
—1x107¢/K.

Next, we will delve deeper into the stress and strain mechanisms resulting from the
different CTEs of each material, aiming to further enhance the thermal stability of the
support structure. Following this, the final support structure will be integrated into a
satellite for comprehensive testing, validating its thermal and dimensional stability within
a real-world environment.

In conclusion, this study provides a useful exploration and theoretical basis for the
design and optimization of the support rods in the gravitational wave detection project
of the Taiji Program, which provides strong support for the successful implementation of
the project. In the future, we will further improve the material properties and optimize
the structural design to achieve higher precision and stability for the support rod so as to
contribute to the field of gravitational wave detection.
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