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Abstract

A composite structure with frame and skin based on cabin structure in a large space telescope is
studied in this paper. The frame is composed of longitudinal and transverse beams with hybrid bond-
ed/bolted joints, and the skin is connected to the frame by bolts. Tensile tests are conducted on the
structure by a set of test stand. It is observed that residual deformation occurs in the first test of the
structure,, which is attributed to the relative sliding between the skin and frame because of bolt-hole
clearances. The high tightening torque and the increased number of the skin-frame bolts contribute
to the high stiffness of the structure. A finite element model (FEM) of this composite structure is es-
tablished , and the simulation model is verified by the experimental results. The FEM is contrastively
analyzed with different frame joints, and it is found that adhesive joining in the hybrid bonded/bol-
ted joints enhances the stiffness of the structure significantly. Given that adhesive plays a leading
role in the stiffness of the hybrid joints, Tie contact in FEM is proposed to simulate bonded or hybrid
joints when studying the stiffness performance of undamaged structure.

Key words: composite, tensile test, hybrid bonded/bolted joint, bolted connection, finite ele-

ment analysis

0 Introduction

Owing to its advantages of high specific strength,
high specific stiffness, and designability of mechanical
performance, composite has been applied extensively
in the aerospace field from structure with no or minor

21 The main sup-

load to main supporting structure
porting structure of large spacecraft usually consists of
many separate components connected by joints, which
are potential weak points in the structure because of ge-
ometry interruptions and discontinuities in materials
that tend to produce stress concentration. Thus, joint
design is an important aspect of composite structure de-
sign:ﬂ .

Composite joints can be classified into three types,
namely, bonded joint, mechanical joint, and hybrid

t'*!. Mechanical joint usually refers to bolted joint

join
or riveted joint, and hybrid joint usually refers to bond-
ed/bolted joint or bonded/riveted joint. Bonded and
mechanical joints are the two most commonly applied

types of joints; the former is usually used in parts bear-

ing minor load, and the latter is usually used in parts
bearing major load or with high reliability. Hybrid joint
is a new connection type that is initially designed to in-
crease the security and redundancy of composite struc-
ture. Many investigations have been conducted on
composite joints by analytical methods, experimental

. . . 5
tests, and numerical simulations™’.

Refs[ 6-9 | used 3D finite element model ( FEM)
and experimental tests to investigate the effects of bolt-
hole clearance on the stiffness and strength of compos-
ite bolted joints including single-bolt single-lap joints
and multi-bolt double-lap joints; they found that an in-
creased clearance resulted in reduced joint stiffness and
Refs[ 10-11] studied the

effects of clamping force, bolt stiffness, and washer

increased ultimate strain.

size on the response and failure of double-lap bolted
composite joints by 3D FEM and experiments. Li et
al. ") made an experimental study on the tensile prop-
erty of the single-lap composite joints and found that,
hybrid joint had the highest tensile strength because the
bolts in the hybrid joints could enhance the tensile
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property after the adhesive failure, while the adhesively
bonded joint achieved the lowest strength. Barut and
Madenci'"’ studied single-lap hybrid ( bolted/bonded)
joints using a semi-analytical method and observed that
the bolt started to take some of the load once the adhe-
sive debond length exceeded a critical length and then
took the entire load when full debonding occurred. Lee

et al. [

manufactured and tested 10 hybrid joints and
found that the failure loads of hybrid joints were nearly
identical to those of adhesive joints and were at least
twice as large as those of mechanical joints and the ad-
hesive failure in the hybrid joint occurred before me-
chanical failure. Kweon et al. '™ tested composite-to-
aluminum double lap joints and found that hybrid join-
ing improved joint strength when the mechanical fasten-
ing was stronger than the bonding. However, when the
bolted joint had lower strength than the bonded joint,
bolt joining contributed minimally to the strength of the

hybrid joint. Gamdani et al.''®

investigated hybrid
bonded/bolted composite joints with up to three bolts
and concluded that the adhesive increased the strength
of joints, the outer bolts limited the peel stress, and
the adhesive reduced the stress concentration around
the bolts. Li et al. """ experimentally and numerically
investigated the tensile properties of a composite-metal
single lap hybrid bonded/bolted joint and found that
the hybrid joint had higher strength and greater initial
damage load and tensile stiffness than the pure bolted

joint. Zhang''™

used numerical simulation and experi-
ments to study the tensile properties and fatigue life of
composite laminates and titanium alloy multi-bolt hy-
brid joints, and the influence of the number of bolts,
bolt arrangement, lap width and other parameters were
taken into consideration.

According to the research status on composite
joints, most studies selected single lap or double lap
joints where shear load is mainly applied as the re-
search objects. Although the strength performance and
damage failure of joints have been widely investigated ,
stiffness performance is not studied synthetically. In
engineering practice, the main supporting structure of
spacecraft usually contains many complex joints where
multiple loads exist. The stiffness performance of
spacecraft structure is represented by fundamental fre-
quency which is an important parameter and required
to be higher than that of rocket to avoid resonance dur-
ing launch. In particular, it is highly crucial for large
spacecraft with increased mass which tends to reduce
the structural stiffness.

In this work, a composite structure with frame and
skin based on cabin structure in a large space telescope
is studied on stiffness performance. The bolted connec-

tions of the skin and frame are studied by comparing
with frame only and considering the effects of tightening
torques and numbers of skin-frame bolts. The connec-
tions of frame are studied by comparing different frame
joints including bolted joints, bonded joints and hybrid
joints. The stiffness of the structure can be enhanced
by appropriate design of the connections. Modeling
methods of the composite joints in the FEM are studied
and verified by experiments. This paper offers an im-
portant reference to the design, test, and simulation of
composite cabin structure in spacecraft.

1 Experimental investigation

1.1 Design and manufacture

The composite structure with frame and skin is de-
signed according to the structural feature of cabin in a
large space telescope as shown in Fig. 1. The structure
is 0. 8 m in width and 1. 6 m in length. The frame con-
sists of two longitudinal beams and three transverse
beams connected by M6 bolts and J133 adhesive, thus
forming six hybrid bonded/bolted joints. The frame
joints in different parts can be classified into two types,
namely, sleeve type at the end of longitudinal beams
and groove type in the middle of longitudinal beams.
Owing to such matching surfaces in the joints, the lon-
gitudinal and transverse beams can be assembled more
easily and the strength of the joints is enhanced with
more bonding interfaces compared with common lap
joints. Five bonding interfaces and 16 bolts can be
found in a joint of sleeve type, and four bonding inter-
faces and 10 bolts can be found in a joint of groove
type. In accordance with the cabin structure design, the
skin is connected to frame by bolts and anchor nuts,
making it convenient to add or remove skin during the

Frame

Skin Frame - Bolt
kel

1 =al

=
Anchor nut

Hybrid
joints
——

Hybrid
joints

Groove type

Sleeve type
Fig.1 Composite structure with multi hybrid joints
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assembly and adjustment of space telescope. Eighty-
eight pairs of M6 bolts and anchor nuts are used in this
composite structure. The spacings of bolts in frame
joints are 40 —50 mm and those of skin-frame bolts are
60 —70 mm, ensuring that the spacings are 5 times lar-
ger than the diameter of bolts to avoid damage to the
composite strength'*’.

The composite laminates used for frame and skin
are made of carbon fiber T800 and cyanate ester, and
all M6 bolts are made of stainless steel 1Cr18Ni9Ti.
The material properties of T800/cyanate unidirectional
plate are listed in Table 1, and the elastic properties of
1Cr18Ni9Ti and J133 are listed in Table 2.

Table 1 Material properties of T800/ cyanate unidirectional plate
Material property Value
E, /GPa 160
E, /GPa 9
G, = G, /GPa 4
G,, /GPa 3.17
V1 0.3
p/(kg/m’) 1650

Note: E, - Elastic modulus in longitudinal direction (fiber direction)
E, - Elastic modulus in lateral direction
G, - Shear modulus in i —j plane
vy, - Poisson’ s ratio

p - Mass density

Table 2 Elastic properties of 1Cr18Ni9Ti and J133

Elastic property 1Cr18Ni9Ti J133
E /GPa 206 1.85
v 0.3 0.33

Note: E - Elastic modulus v - Poisson’ s ratio

The composite structure is manufactured with T800/
cyanate prepreg, and the thickness of the prepreg is
0.2 mm. The thicknesses and ply stacking sequences
of different parts in the structure are shown in Table 3.

Table 3  Ply stacking sequences of composite parts

Thick
Part teiness Stacking sequence
/mm
Longitudinal
2.2 [0/90/0/0/45/-45/0/-45/45/0/0 ]
beams
Transverse [0/45/90/-45/0/0/45/90/-45/0/45

/90/-45/-45/90/45/0/-45/90/45/0 ]

beams at ends

Transverse
beam in the 2 [0/90/0/45/90/-45/-45/90/45/0 ]
middle
Skin 2 [0/45/90/-45/0/90/-45/90/45/0 ]

During the manufacturing process, the clearance

between bonding surfaces of frame joints is controlled
at about 0. 1 mm, which is the adhesive thickness.
The J133 adhesive has the largest strength at the thick-
ness of 0. 1 — 0.2 mm according to the research of
Ref. [19]. The joint surfaces are cleaned before bond-
ing, and M6 bolts are used to connect the joints during
bonding. After the curing of the adhesive at room tem-
perature, flaw detection is conducted on the joints to
ensure that the effective bonding area ratio of the bond-
ing surfaces is above 90% . The assembly and bonding
process of the composite structure is shown in Fig. 2.

(b) Assembly of skin and frame

(d) Flaw detection after bonding
Fig.2 Assembly and bonding process
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1.2 Experimental tests and analysis

The composite structure is a local structure in the
cabin of a space telescope. The whole cabin structure
is simulated in the case of extreme load during launch,
and the tensile load with maximum value of 30 kN on
the interface of the composite structure is achieved.

A test stand is built for the tensile tests of the
composite structure as shown in Fig.3. A trapezoidal
block made of steel is connected to one transverse
beam at the end of the structure by six M10 bolis to
uniformly disperse the load on the beam. The loading
point is closer to the surface of frame covered with skin
than the other surface to reduce the warping of the
structure caused by eccentric loading. The transverse
beam at the other end of the structure is connected to a
baseplate made of steel by six M10 bolts, and the
baseplate is fixed on the ground. Twelve metal pieces
are added to the inner sides of the transverse beams at
both ends of the structure to connect all the M10 bolts.
A hydraulic actuator is used to apply load on the trape-
zoidal block along the direction of longitudinal beam,
which is defined as X direction.

Hydraulic actuator  Force sensor

Trapezoidal

block Displacement

‘ / meter

Mounting
bracket

Baseplate

Fig.3 Test stand of the composite structure

Sixteen displacement meters and eighteen cross
stain gauges are used in the tests, and their distribution
is shown in Fig. 4, where Nos. 1 —16 indicate the dis-
placement measurement points, and Nos. Y1 — Y18 in-
dicate the strain measurement points. Cross stain gau-
ges are used to measure strains in X and Y directions
(along the direction of transverse beam) as shown in
Fig.5. All the measurement data are collected by
equipment DH3816N, a test and analysis system of
static stress and strain. The specifications of experimen-
tal equipment used in the tests are listed in Table 4.

8yigl 6 5

oo » 7 _\ v 8 100
RN RN TN TR
12 11 10 - \9

TECReE

oo X 53 %

16 15 \14 \I3

Y18 Y17

Fig.4 Distribution of measurement points

Fig.5 Cross strain gauges used

Table 4  Specifications of experimental equipment

Equipment Specification
Hydraulic actuator Range: 10t
Range: 10t

Force sensor
Measurement accuracy: 0.02%

Range : 30 mm;
Linearity error; <0.5% (F.S)

Displacement meter

Strai Resistance value; 120 ()
ram gauge Sensitive coefficient:2.03

Data acquisition system 72 channels max

In the tensile tests, load is applied with increment
of 2 kN until the maximum value of 30 kN is achieved.
The load is then decreased with increment of 2 kN until
the value reaches zero. After the first tensile test, a
second tensile test is conducted repeatedly. The tighte-
ning torque of the bolts connecting the skin and frame
is 8 N - m in the two tests. The X-direction displace-
ment curves of point 2 on the loading beam are shown
in Fig. 6, and the strain curves of point Y8 in the cen-
ter of the skin are shown in Fig. 7.

The values of displacement and stains at the first
test differ from those at the second test and fail to reach
zero in the first test when the structure is totally unloa-
ded but become zero in the second test. Thus, residual
deformation exists in the first test but disappears in the
following tests of the structure. Given that the curves of
displacements and strains are generally linear and the
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structure is not damaged, the above problem can be at-
tributed to the bolted connection of the skin and frame
because of the clearances between M6 bolt shanks and
bolt holes with diameter of 6.5 mm.

0.8

0.7 - —#— First test

—&— Second test

Displacement/mm

e e e

R N N V=N
\

0 4 8 12 16 20 24 28 28 24 20 16 12 8 4 0
Load/kN

Fig.6 Displacement curves of point 2 in composite structure
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Fig.7 Strain curves of point ¥8 in composite structure

Another contrast test of frame only is conducted as
shown in Fig. 8. The maximum tensile load is 24 kN,
under which the displacement of the frame is close to

Fig.8 Tensile test of the frame only

the maximum displacement of the structure with skin.
The X-direction displacement curve of point 2 on load-
ing beam is shown in Fig.9, and the strain curves of
point Y13 on longitudinal beam are shown in Fig. 10.
All the curves are linear and symmetrical during load-
ing and unloading, and the values of displacement and
stains become zero when the structure is totally unloa-

ded.

Displacement/mm

12 16‘20 24 20 16 12 8‘ 4 0
Load/kN

Fig.9 Displacement curve of point 2 in frame
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Fig.10 Strain curves of point Y13 in frame

For the structure with skin, when the structure is
loaded for the first time, the skin initially takes some
load by friction with frame. When the load transferred
by the skin exceeds the maximum static friction force
with the frame, the skin slides relatively to the frame
so that the bolt shanks contact the bolt holes to directly
take shear load. When the structure is unloaded, the
relative displacement between the skin and frame gen-
erates resistance against the structure deformation, re-
sulting in the asymmetry of curves in the first test. The
relative displacement remains when the structure is to-
tally unloaded at the first time. When the structure is
loaded at the second time, the residual relative dis-
placement causes the bolt shanks to contact the bolt
hole to take the shear load, resulting in the lack of re-
sidual deformation when the structure is totally unloa-
ded at the second time. For the frame only with hybrid
bonded/bolted joints, the hybrid joints take the load
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with no such relative displacement.

The maximum X-direction displacement of point 2
is 0.77 mm in the first test and 0. 75 mm in the second
test. Such relative displacement between the skin and
frame resulting from bolted connection reduces the stiff-
ness of the structure, but the effect is not serious.

More tensile tests are conducted with the tightening
torques of the skin-frame bolts at 4 N - m and 9N - m,
and two tests are conducted for each case. The same
phenomenon is observed: residual deformation occurs
in the first test but disappears in the following tests.
However, the residual deformation for 9 N + m is rather
small. The X-direction displacement curves of point 2
with different bolt tightening torques are shown in
Fig. 11. A high bolt tightening torque contributes to the
high stiffness of the structure because it generates a
high friction force between the skin and frame, resul-
ting in large load transfer capacity of skin and reduc-
tion in the relative displacement between the skin and
frame.
0.9
0.8
0.7
0.6
0.5
0.4
0.3
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Fig. 11 Displacement curves of point 2 with different tightening
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torques of skin-frame bolts

Further tensile tests are conducted with half the
number of the skin-frame bolts at tightening torque of
8 N - m as shown in Fig. 12. The X-direction displace-
ment curves of point 2 with different numbers of skin-
frame bolts are shown in Fig. 13. Increased number of
bolts also contributes to the high stiffness of the struc-
ture because it can increase the friction force between
the skin and frame.
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Fig.12 Distribution of skin-frame bolts with half the number
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Fig.13 Displacement curves of point 2 with different numbers

of skin-frame bolts

2 Numerical investigation

2.1 Established FEM

The finite element analysis of this composite struc-
ture is conducted by Hyperworks platform. The FEM is
established by Hypermesh as shown in Fig. 14. Six de-
grees of freedom of the four bolt holes of the baseplate
are constrained. Load is applied on the central point on
the top of trapezoidal block. The composite parts are
modeled by 2D shell elements because of their thin-
shell structure. The trapezoidal block and baseplate are
modeled by 3D solid elements. Given that the model
contains details, such as bolt holes, the types of ele-
ments are set as mixed. The general size of the ele-
ments in the frame and trapezoidal block is 4 mm, and
that in the skin and baseplate is 6 mm. There are

236 634 elements and 250 307 nodes in the FEM.

Fixed points

-X ~ Loading point

Fig. 14 Finite element model of the composite structure

Given that bolted and adhesive connections are
crucial to the mechanical performance of the structure,
their accurate modeling methods in the FEM are impor-
tant. The bolt connecting the two surfaces is modeled
by CBAR element, which connects the two centers of
bolt holes. The holes’ centers are connected to the
nodes on the holes’ edges by RBE2 elements as shown
in Fig. 15. The CBAR element is assigned with materi-
al properties and diameters of connecting bolt. The ad-
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hesive layer in composite joints is modeled by a layer of
sold elements with thickness of 0. 1 mm as shown in
Fig. 16. The adhesive elements are connected to the
bonding surfaces by RBE3 elements.

Nodes in bolt holes RBE2 elements

CBAR element

Fig.15 Modeling of bolted connection

Adhesive

4
/ k elements
surfaces =
<J
E

Bonding

RBE3 elements
Fig.16 Modeling of adhesive connection

2.2 Finite element analysis

The FEM of the composite structure is analyzed
with the type of linear static by OptiStruct and postpro-
cessed by Hyperview. The contour plots of X-direction
displacement and element stresses of the composite
structure under the maximum load of 30 kN are shown
in Figs 17 and 18, respectively. The maximum displace-
ment in the structure occurs in the middle of loading
beam. The largest stress in the structure is 122.5 MPa,
indicating that the structure is not damaged.

The X-direction displacement curves of point 2 on
the loading beam are shown in Fig. 19 with the compar-
ison of experimental results with different tightening
torques of the skin-frame bolts. The FEM results of the
structure show better agreement with the experimental
results for the high tightening torque of the skin-frame
bolts. In particular, the experimental results with 9 N - m

Displacement(X)
Analysis system

I 0.943
0.822
= 0.701

Max = 1.064
Grids 91630
Min =-0.024
Grids 66974

.

Fig. 17 Contour plot of X-direction displacement

Contour Plot

Element Stresses (2D & 3D)vonMises, Max)
Analysis system

122.498
I 108.889

95.280
- 81.671
] 68.062
54.452

40.843
27.234
13.625
0.016

Max = 122.498
3D 37848

Min =0.016
2D 70373

-
Fig. 18 Contour plot of element stresses

bolt tightening torque are quite close to the numerical
simulation results. Given that the bolt-hole clearance is
not considered in the FEM, the relative displacement
between the skin and frame cannot be simulated.
Meanwhile, the effect of bolt-hole clearance is reduced
by increasing the bolt tightening torque in the experi-
mental tests.

0.9+
0.8 -
0.7 1
0.6 -
0.5+
0.4 -
0.3+

—HE— Numerical simulation

Displacement/mm

—&— Experiment 4 N-m
—&— Experiment § N-m

~#— Experiment 9 N-m

0 2 4 6 8 10 12 14 16 18202224262830
Load/kN
Fig.19 Displacement curves of point 2 with comparison of
simulation and experimental results

The displacements under a small load of 2 kN in
the experimental tests are smaller than those in the nu-
merical simulation (0. 05 mm). This finding can be
attributed to the measurement error of displacement
meter, which is installed with long cantilever and gen-
erates error under such small displacement.

The FEM of this structure is contrastively analyzed
where the frame is connected by adhesive only or bolts
only. The X-direction displacement curves of point 2
are shown in Fig.20. The FEM results with hybrid
joints are nearly identical to those with bonded joints
but differ from those with bolted joints. The stiffness
values of the composite structures with hybrid joints,
bonded joints, and bolted joints are 40.14 kN/mm,
39.95 kN/mm, and 31.54 kN/mm, respectively. The
stiffness of the structure with hybrid joints is 27%
higher than that of the structure with bolted joints.
Therefore, the adhesive plays a leading role in the stiff-
ness performance of hybrid joint in an undamaged
structure.
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Fig.20 Displacement curves of point 2 with different joints

Given that the adhesive plays a leading role in the
stiffness of hybrid joint, a simplified modeling method
that only considers adhesive can be adopted. Tie con-
tacts are used between the bonding surfaces of frame in
FEM as shown in Fig. 21. The Tie contacts in the FEM
are defined by using the MPC-based method, which
enforces zero relative motion at the interfaces. The X-
direction displacement curves of point 2 of FEM with
Tie contacts are shown in Fig.22, and the experimen-
tal results for the bolt tightening torque of 9 N - m are
shown for comparison. The figure shows that the FEM
with Tie contacts can accurately simulate the stiffness
performance of the structure in an undamaged situa-
tion.

Fig.21 Tie contacts in finite element model
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Fig.22 Displacement curves of point 2 with Tie contacts

3 Conclusion

In this work, a composite structure with frame and
skin based on the cabin structure in a large space tele-
scope is manufactured and investigated. The frame is
composed of beams with hybrid bonded/bolted joints,
and the skin is connected to the frame by bolts. Exper-
imental tests and finite element analyses are conducted
on the prepared composite structure. Conclusions are
drawn as follows.

(1) Tensile tests reveal that the residual deforma-
tion of the structure occurs in the first test but does not
occur for frame only. This phenomenon is attributed to
the bolt-hole clearances of the bolted connections of the
skin and frame, resulting in relative sliding when the
load transferred in the skin exceeds the maximum static
friction force and in the slightly reduced stiffness of the
structure.

(2) The high tightening torque and the increased
number of the skin-frame bolts contribute to the high
stiffness of the structure because the increased friction
force between the skin and frame leads to large load
transfer capacity of the skin and the reduced relative
displacement of the skin and frame.

(3) The analysis results of the FEM of the struc-
ture with modeling of bolted connection and adhesive
connection show a good agreement with the experimen-
tal results. Results of contrastive analyses with different
frame joints indicate that the stiffness of the structure
with hybrid bonded/bolted joints is obviously higher
than that of the structure with bolted joints, and the
adhesive plays a leading role in the stiffness of hybrid
joints.

(4) A simplified modeling method of Tie contacts
in FEM is proposed to simulate bonded or hybrid bond-
ed/bolied joints when studying the stiffness perform-
ance of undamaged structures.
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