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Abstract: To detect gravitational waves in space, the telescope and optical platform require high stability and
reliability. However, the cantilevered design presents challenges, especially in the glass-metal hetero-bond-
ing process. This study focuses on the analysis and experimental research of the bonding layer in the integ-
rated structure. By optimizing the structural configuration and selecting suitable bonding processes, the reli-
ability of the telescope system is enhanced. The research indicates that the use of J-133 adhesive achieves the
best performance, with a bonding layer thickness of 0.30 mm and a metal substrate surface roughness of Ra
0.8. These findings significantly enhance the reliability of the optical system while minimizing potential

risks.
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1 Introduction

The advancement of gravitational wave detec-
tion has led to projects dedicated to detecting gravit-
ational waves in the 0.1 mHz~1 Hz range using in-
tersatellite laser interferometry'l. These projects
plan to use the triangular formation of three identic-
al drag-free satellites as a space observatory to
achieve this goal. Each satellite carries two sets of
core payloads, i.e., movable optical subassemblies
(MOSASs), to construct intersatellite laser interfero-
metric links over a baseline of 0.17-3 billion km. To
detect gravitational-wave signals in space, the laser
interferometric measurement system must achieve
an optical path stability level than 12 pm/Hz"@
0.1 mHz~1 Hz, which imposes stringent require-
ments on the stability of the laser interferometric
measurement systemt**,

As a critical optical system for laser transmis-
sion and reception, any minute disturbance within
the telescope will couple into optical path changes,
significantly impacting the measurements. To achi-
eve the required stability in performance, an all-
zero-dur off-axis four-mirror telescope is proposed
that utilizes materials with ultralow thermal expan-

sion coefficients to reduce the optical path stability

CSTR:32171.14.CO.EN-2024-0025

noise introduced by the telescope. Although this ap-
proach enhances the stability of the telescope, it also
presents significant challenges in the structural
design. On one hand, the brittle nature of the crystal
material results in a noticeable increase in the tele-
scope's mass. On the other hand, it complicates the
integration of the telescope with the optical plat-
form.

To address these challenges, this study conduc-
ted simulation and experimental research on the
design of integrated structures, especially the bonds,
to develop an integrated structure with outstanding

reliability.

2 Integrated structure and bonding
layer analysis

Traditionally, flexible structures have been pre-
ferred as the optimal solution for space applicati-
ons!”. Flexible structures can effectively reduce in-
ternal stresses and ensure the stability of payload
positions by decoupling the degrees-of-freedom.
Flexible structures can also isolate vibrations and
thermal loads, thereby reducing the response of the
payload to forces and thermal fluctuations. How-

ever, in space gravitational-wave detection systems,


https://doi.org/10.37188/CO.EN-2024-0025
https://doi.org/10.37188/CO.EN-2024-0025
https://doi.org/10.37188/CO.EN-2024-0025
https://doi.org/10.37188/CO.EN-2024-0025
https://doi.org/10.37188/CO.EN-2024-0025
https://cstr.cn/32171.14.CO.EN-2024-0025
https://cstr.cn/32171.14.CO.EN-2024-0025
https://cstr.cn/32171.14.CO.EN-2024-0025
https://cstr.cn/32171.14.CO.EN-2024-0025
https://cstr.cn/32171.14.CO.EN-2024-0025

% x

ZHAO Hong-chao, et al. : Study of bonding layer for integrated structure of space ...... 3

where the ultrahigh stability of the payload is para-
mount, spacecraft have disabled all movable mech-
anisms and instead employed a multilevel thermal
control system to achieve exceptionally high intern-
al temperature stability™". To meet the measure-
ment goal of 12 pm/Hz"*@0.1 mHz~1 Hz, the integ-

(a) (b)

rated structure must possess characteristics of kin-
ematic support. This allows the assessment of mis-
alignments between the telescope and optical axis of

the interferometer by monitoring the thermal loads.

The design of the integrated structure is shown in
Fig. 1(a).

Telescope

Integrated
structure

Optical
bench

Gravitational
reference

sensor

Fig. 1 Movable optical subassemblies (MOSAs) and integrated structure. (a) Key components of movable optical subassem-

blies and (b) integrated structure and design parameters.

2.1 Integrated structure design

The integrated structure consisted of three sets
of bipod flexible supports. The overall structure was
the same as that of a six degrees-of-freedom paral-
lel structure. This structure features high forward
stiffness, strong load-bearing capacity, and accurate
positioning, effectively reducing the coupling bet-
ween the degrees-of-freedom. The integrated struc-
ture adopts a radial three-point support scheme. In
terms of design, to ensure the rigidity of the integ-
rated structure, it is generally required that the rigid
planes of the three sets of bipods pass through the
telescope's center of mass. Therefore, apart from the
flexible joints, the design parameters mainly consist
of four physical parameters: the upper support radii
1, lower ring support radii r,, angle between the up-
per support points a, and angle between the lower
support points 3, as shown in Fig. 1(b).

The aforementioned integrated structure was
used as the research object. Using the flexible rod
axial force and first-order modal frequency as op-

timization objectives, a multi-objective optimiza-

tion method was employed to optimize the paramet-
ers of the integrated structure. The optimization res-

ults are listed in Table 1.

Tab.1 Optimal solution of integrated structural para-

meters.
Variables Range of Optimization
values results
The upper ring support radii 7;/mm 150-180 180.0
The lower ring support radii 7,/mm 180-240 206.5
The angle betwe-en theoupper 590 15.7
support points o/
The angle between the lower 15-40 350

support points 5/°

A detailed modeling of the integrated design
with the telescope system was conducted, followed
by a modal analysis to verify the feasibility of the
existing design. The analysis results indicated that
the integrated structure with the overall telescope
system could reach a first-order resonance fre-
quency of 147 Hz. The second- and third-order
mode shapes were all related to the integrated struc-
ture, vibrating in the x- and y-directions with reson-
ance frequencies of 207 Hz and 209 Hz, respect-

ively, as shown in Fig. 2.
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(a) Frequency: 207.08 Hz
Unit: m
2 024/07/07 8:25
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(b) Frequency: 209.19 Hz

Unit: m
2 024/07/07 8:25

0.230 52 Max
0.204 91

Fig. 2 The second and third modal shapes. (a) The second modal shape and (b) third modal shape.

2.2 Bonding simulation

The ultra-stable telescope and flexible support
structure require the use of a reliable connection
method for integration. The most commonly used
solution to achieve a connection between different
materials is glass-metal heterogeneous bonds, which
can isolate and protect the optics from mechanical
and thermal loads"”. Owing to the more uniform
distribution of shear stress, it is possible to effect-
ively utilize the bonding area and enhance the bond-
ing strength!"!. Therefore, a side-bonding structure
is adopted for this design.

In the field of gravitational-wave detection, the
most well-known bonding method is hydroxide-

1231 However, this method can-

catalysis bonding!
not be applied to heterogeneous glass-metal bond-
ing. Currently, suitable adhesives in the aerospace
industry include epoxy resins, polyurethanes, and
silicone. Owing to their various chemical composi-
tions, they have different characteristics, functions,
and applications. As a stiff bond, epoxy adhesives
can maintain alignment and provide exceptional
bonding strength while exhibiting minimal shrink-
age. This unique characteristic makes them ideal for

bonding materials with varying coefficients of

thermal expansion, such as the bonding of metal and
glass. Compared with epoxy resins, polyurethane
adhesives have the advantage of low-temperature
curing, providing improved toughness and low-tem-
perature resistance. Silicone adhesives have relat-
ively weaker bonding strengths, but offer advant-
ages such as high- and low-temperature resistance,
temperature variation resistance, and UV radiation
resistance.

Considering the application attributes of vari-
ous space adhesives and the bonding requirements
of the ultra-stable telescope, the selection of space
adhesives should prioritize those with higher bond-
ing strength, stable performance, and convenient
curing processes while meeting the basic principles
of space applications. Epoxy adhesives, with their
high tensile shear strength, reliable bonding per-
formance, and mature processability, were chosen as
the adhesive for the connection. Following a com-
prehensive investigation, three types of adhesives
were selected as alternatives.

During the launch, the telescope was posi-
tioned horizontally!'¥. A detailed simulation was
conducted to examine the stress imposed on the
bonding layer resulting from random vibrations, as

shown in Fig. 3.
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Normal stress 3
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Fig. 3 Stress cloud map of bonding layer in random vibration analysis. (a) Flexures bonded on with epoxy. (b) Maximum nor-

mal stress cloud map when excitations are applied in the x-direction. (¢) Maximum normal stress cloud map when ex-

citations are applied in the y-direction. (d) Random vibration inputs. (¢) Maximum normal stress cloud map when ex-

citations are applied in the z-direction. (f) Maximum shear stress cloud map of the bonding layer.

It is evident that the bonding layer experienced
both shear stress and normal stress, with the maxim-
um normal stress reaching 3.29 MPa (1o0). Further-
more, owing to the influence of a diminished Pois-
son’s ratio, the typical epoxy material experiences
heightened stress at its edges, as shown in Fig. 3(c).
Consequently, experimental investigations to ascer-
tain the tensile strength of the bonding layer are of

paramount importance.

3 Metal-glass bonding

3.1 Experimental design

Several factors influence the strength of adhes-
ive bonds. Among these, the type of adhesive, bond-
ing-layer thickness, and surface roughness are the
main factors affecting the bond strength!>'®. By
comparing and selecting adhesives with excellent
performance, conducting experimental tests and
analysis can provide data support for estimating the
structural strength, which is of practical signific-
ance for the integration of MOSAs in gravitational-
wave detectors.

Generally, compared with a thicker bonding
layer, a thinner bonding layer has a smaller stress
concentration, and the bonding strength increases as
the bonding-layer thickness decreases. This is be-
cause the increase in the bonding-layer thickness re-
duces the average stress in the thickness direction,
leading to an increase in the peel moment and a de-

crease in strength. The optimal bonding-layer thick-

ness for the structural bond is between 150-500 pum.
However, the optimal thickness may vary depend-
ing on the type of adhesive, material, and applica-
tion environment. Currently, the primary methods
for determining the optimal bonding-layer thickness
include empirical methods, heat dissipation formula
calculations, and experimental comparisons!'™?",
This study adopts the experimental method to com-
pare and select the most suitable bonding-layer
thickness for the overall structure and flexible sup-
port for the gravitational-wave detector telescope.
The candidate bonding-layer thicknesses was set as
0.15 mm, 0.30 mm, and 0.50 mm. The bonding-lay-
er thickness is ensured by symmetrically placing
fishing lines of the corresponding diameter on the
bonding surface.

The surface condition of the adherend is anoth-
er important factor affecting the performance. The
adherend materials for the ultra-stable telescope
bonding scheme were Invar steel and Zerodur.
Therefore, using the same bonding process on Invar
steel substrates with different surface roughness val-
ues resulted in different bonding strengths. Accord-
ing to the Wenzel wetting model for rough surfaces,
the roughness factor » represents the ratio of the ac-
tual solid-liquid contact area to the apparent contact

area, which leads to the Wenzel equation [21]:
cos6,, =rcosb, (D

where 6,, is the apparent contact angle on the rough
surface and 6, is the equilibrium contact angle of the

liquid on an ideal surface.
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According to this equation, it can be inferred
that for hydrophilic surfaces, an increase in surface
roughness increases the contact area between the
solid and liquid, promoting the wetting action of the
adhesive on the substrate surface and generating
mechanical adhesion.

A controlled variable method was employed to
investigate the influence of different variables on the
overall bonding strength. Experimental research was
conducted by comparing the performance of differ-
ent adhesives at different thicknesses and substrate
surface roughness. The experiment consisted of
three groups, each containing 36 specimens, for a

total of 108 specimens.

Tab.2 Alternative epoxy adhesive and experimental

design.

Variables

Epoxy adhesive J-133 GHIJ-01(Z) 3M-DP2216

Bonding-layer thickness /mm 0.150.30.5
Surface roughness /um Ra0.8 Ral.6 Ra3.2 Ra6.3
Single group specimens 36

Total specimens 108

3.2 Bonding process and tensile strength test

The substrates used for bonding consisted of

two materials: Zerodur and Invar steel. The Zerodur
component (Schott, Germany) is a flat mirror with a
diameter of 50 mm and thickness of 10 mm. It fea-
tures a highly polished surface with an RMS shape
better than 1/30A. The metal part was made of
4J36 Invar steel with a diameter of 20 mm and
length of 30 mm. In addition, the surface roughness
of the metal part was carefully controlled. In the
bonding process, fishing lines of appropriate dia-
meters were used to regulate the thickness of the
bonding layer. To ensure reliable results, each bond-
ing specimen with a singular controlled variable was
subjected to three sets of control experiments, with
each set comprising 36 specimens.

Prior to the bonding process, the substrates un-
derwent a 16 h standing period in the laboratory.
Strict measures were in place to maintain the coaxi-
al alignment between the Invar steel test column and
flat mirror. By employing fishing lines, a V-shaped
positioning apparatus was carefully crafted on the
bonding surface of the flat mirror, as shown in
Fig. 4(a), effectively securing the desired thickness
of the bonding layer. Following the completion of
the bonding procedure, mechanical experiments
were performed, giving the bonding layer sufficient

time to achieve full bonding efficacy.

Yty
i

3M-DP2216

3133 GHJ-01(2)

0.15mm 0.30 mm 0.50 mm

E

36 samples in one group
total three groups /

Tensile test

Fig. 4 Bonding process and tensile strength test. (a) Bonding process and (b) tensile strength test.
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3.3 Testdata

Utilizing the meticulously designed array of
strength testing fixtures, the specimens were affixed
onto the tensile testing machine to assess their
tensile strength in accordance with established na-
tional testing standards. The configuration diagram
detailing the testing process is shown in Fig. 4(b).

The test results for the J-133 adhesive under-
went meticulous statistical analysis. As illustrated in

Fig. 5(a), the specimens exhibited a notable range of

J-133
(a) 24 —
—#— Adhesie thikness is 0.15 mm
T  Eror bar for 0.15 mm
22t —&— Adhesie thikness is 0.30 mm
<] I  Eror bar for 0.30 mm
& - Adhesie thickness is 0.50 mm
2 20 I Err bar for 0.50 mm
<
% 18
5 L
5
[
j:
@ 16|
2
§ 14
F
12t
10 1 " L
Ra0.8 Ral.6 Ra3.2 Ra6.3
Surface roughness /um
3M-DP2216
(c) 16 —%— Adhesic thikness is 0.15 mm
I Eror bar for 0.15 mm
=—8— Adhesie thikness is 0.30 mm
< 14} I Eror bar for 0.30 mm
=W === Adhesie thickness is 0.50 mm
> I Err bar for 0.50 mm
<
g 12f
=)
[
7
) 10
g7
5
= 8t
6 1 1 1 3
Ra0.8 Ral.6 Ra3.2 Ra6.3

Surface roughness /um

tensile strengths from 12 to 22 MPa, primarily due
to inherent variations in bonding-layer thickness and
surface roughness. It was observed that there was a
general declining trend in the tensile strength as the
surface roughness of the substrate increased. The J-
133 adhesive demonstrated its highest tensile
strength when applied to a substrate with a surface
roughness of Ra 0.8. Thus, it is clear that the bond-
ing-layer thickness significantly influenced the

tensile strength characteristics of the J-133 adhesive.

GHI-01(2)

®) 20F

151

—#— Adhesie thikness is 0.15 mm
I Eror bar for 0.15 mm

—8— Adhesie thikness is 0.30 mm
T Eror bar for 0.30 mm

Tensile strength /MPa

—+—Adhesie thickness is 0.50 mm

5 I Err bar for 0.50 mm L
Ra0.8 Ral.6 Ra3.2
Surface roughness /um

Ra6.3

(d) 20 ——
—e— GHJ-01(2)
© 18 ¢ —+— 3M-DP2216
a
E 16 F
=
5
S 141
o
Z 12+
5
[—1
10 F

Ral.6 Ra3.2 Ra6.3

Surface roughness /um

8 n
Ra0.8

Fig. 5 Tensile strength test results. (a) Tensile strength test results of J-133 adhesive. (b) Tensile strength test results of GHJ-
01(z) adhesive. (c) Tensile strength test results of 3M-DP2216 adhesive. (d) Average strength values of three adhes-

ives at different roughness levels

Thorough statistical analysis was performed on
the test results for the GHJ-01(Z) adhesive. In
identical experimental conditions, the GHJ-01(Z)
adhesive displayed a wide-range of tensile strengths
from 7 to 20 MPa. As shown in Fig. 5(b), the GHJ-
01(Z) adhesive exhibited exceptional performance
when the substrate surface roughness was Ra 1.6,
reflecting its optimal tensile strength and unwaver-
ing process stability.

A statistical analysis was conducted on the test

results for the 3M-DP2216 adhesive. Compared
with the previous two adhesives, the mechanical
performance was slightly inferior, as shown in
Fig. 5(c). However, when the bonding-layer thick-
ness was set at 0.15 and 0.30 mm, most of the con-
trol groups still met the design requirements. Spe-
cifically, when the thickness was 0.15 mm and the
substrate surface roughness was Ra 1.6, the 3M-
DP2216 adhesive exhibited the best performance
with a tensile strength of up to 15.16 MPa.
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4 Results and discussion

The experimental analysis shows that the tradi-
tional acid-etching method for improving the adhes-
ive performance is generally feasible during conven-
tional bonding processes; however, excessive acid
etching can lead to a decrease in adhesive perform-
ance. In addition, the bonding-layer thickness shou-
1d be selected based on the performance of the ad-
hesive itself, which was determined experimentally.

The experimental results show that the J-133 adhes-

‘&
L

ive has a significant advantage when the bonding-
layer thickness is 0.30 mm and the substrate surface
roughness is Ra 0.8, as shown in Fig. 5. The tensile
strength exceeds 22 MPa, satisfying the strength re-
quirements of the integrated structure of the tele-
scope in the space gravitational-wave detector. Buil-
ding upon this foundation, this section further ana-
lyzes the failure process of the bonding layer in ten-
sile tests to enhance the reliability of the bonding.
Figure 6 illustrates the mechanism and process

of the J-133 bonding-layer failure during tensile

testing.

-gm 0-994 7¢6 Max
6.801 2e6
6.607 7e6
6.414 2e6
6.220 6e6
6.027 1e6
5.833 6e6
5.640 1e6
5.446 6e6

-8 5253 1e6 Min

2

kT 3-133(0.30 mm)

Al
©)
53 25 J-133(Ra0.8) { (i) 25
S 20t I S 20t
£ 15 =
25 219
Z 10} 210t
© o
[§ 5 é 5
0.15 030 0.50 0.15 030

Thickness /mm

0.50

Thickness /mm

Fig. 6 Failure process and experimental results of J-133 bonding layer.

Figure 6(a) shows the evolution of the bond-
ing-layer edges during the bonding process. Ini-
tially, the adhesive exhibited significant flow char-
acteristics, forming a large semicircular structure at
the edge under the influence of surface tension. To
optimize the mechanical performance of the edge-
bonding layer during solidification, the excess solu-
tion must be removed, resulting in the second edge
structure shown in Fig. 6. Over time, as the bonding
layer solidifies and contracts, the edge transitions to
the third structure, as shown in Fig. 6(a). During

tensile testing of the cured structure, cracks gradu-

ally formed at the bonding layer edges owing to the
localized stress concentration, progressively enlar-
ging, and eventually causing bonding-layer failure,
as shown in Fig. 6(b). Figures 6(c) and 6(d) present
the tensile performance statistics of the J-133 bond-
ing layer at different thicknesses and substrate
roughness levels. The failure cross-section revealed
that the bonding-layer failure initiated from the
edges and varied with the substrate surface rough-
ness, which is consistent with the results of the fi-
nite element analysis, as shown in Fig. 6(e). When

the substrate surface roughness was excessive, com-
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plete detachment of the bonding layer occurred, as
shown in Fig. 6(f). Therefore, from the perspective
of bonding-layer failure, improving the surface
quality of the Invar steel component is crucial dur-

ing the integrated structural bonding process.

5 Conclusion

This study focuses on the structural design and
experimental research of the integrated structure of
the space gravitational-wave detector. First, the op-
timization design of the integrated structure was
completed, and based on this, experimental re-
search on the bonding layer connection was conduc-
ted. Then, with the aid of finite element analysis, the

stress distribution of the bonding layer in the integ-

rated structure under random vibration was ana-
lyzed. Experimental investigations were conducted
on the tensile strength and failure modes of the three
adhesives and their bonding processes. The experi-
mental results demonstrated that J-133 exhibits op-
timal mechanical performance at a thickness of
0.30 mm and substrate surface roughness of Ra 0.8.
The cross-sections after failure confirmed the occur-
rence of tearing and delamination in the tensile tests,
indicating the susceptibility to stress concentration

effects.
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