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Abstract: Ceramic matrix composite (CMC) and superalloy bolted joints have exhibited great potential for high
temperature hot structure application in hypersonic aircraft. In service conditions, the thermal expansion mismatch
between CMC and superalloy plates will cause complex thermal stress and strain distributions at hole-edge areas
and assembly parameters changes of the joints under elevated temperatures. These effects might lead to early
damage of joint structure, which will endanger the structural integrity and load carrying capacity of aircraft
components. In the present study, transient heat transfer and thermo-structural analysis of C/SiC composite and
superalloy bolted joint were carried out by using a commercial FEA software ABAQUS. The stress distributions at
hole-edge areas, pre-load loosening, and variation of bolt-hole clearance of CMC bolted joints under transient
temperature rises were discussed for better understanding of high temperature structural behaviors. Results
showed that pre-load declined with the increase of imposed hot side temperature, due to the thermal expansion
mismatch between CMC and superalloy. The bolt-hole clearance for the composite plate decreased, whereas the
clearance for the superalloy plate increased with the rise of temperature.
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components by mechanical joints. Among the existing

1 Introduction

joint methods, bolted joint has attracted much
Ceramic matrix composites (CMCs) exhibit high

attention owing to its advantages of high load transfer

specific strength and stiffness, superior damage

capability, simplicity in assembling and disassembling,

tolerance, low thermal expansion coefficient, and

and excellent environmental damages tolerance. In

excellent oxidation resistance at high temperatures.

high temperature service conditions, CMC and

Because of these characteristics and low density,

superalloy bolted joint structures are subjected to

CMCs have become attractive materials for aerospace

combined thermal and mechanical loads. The thermal

propulsion system components and space vehicle hot

expansion mismatch between CMC and superalloy

[1-2]

structures
CMCs

are

. To realize their successful applications,
often

connected

with

superalloy

plates will cause complex thermal stress and strain
distributions at hole-edge area and changes in
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assembly parameters of the joint, such as pre-load
[1-2]

loosening and variation of bolt-hole clearance

joint are shown in Fig.1. Both the C/SiC composite

.

plate and the GH4169 alloy plate were 120 mm long,

These effects might lead to early damage of joint

with 30 mm griping length. The thicknesses of the

structure, which will endanger the structural integrity

CMC plate and the GH4169 alloy plate were 3.0 mm

and load carrying capacity of aircraft components.

and 2.0 mm, respectively. The two plates were

Most of previous research lied emphasis on the

assembled together using a 6.0 mm diameter bolt

[3-13]

made of GH4141 alloy. The thermophysical properties

development of the constituent modeling of CMC

[14-17]

and failure behaviors of their joint structures

.

of the 2D woven C/SiC composite, GH4169 and

Little research can be found to examine the early

GH4141 alloy provided by the material supplier are

thermo-structural behaviors of CMC bolted joint

listed in Tables 1-3. Finite element model was

under thermal loads. In the present paper, transient

established to simulate transient heat transfer of C/SiC

heat transfer and thermo-structural analysis of C/SiC

composite-superalloy bolted joint via Abaqus/standard

composite and superalloy bolted joint are carried out

software (Fig.2). Heat transfer hexahedron element

by using a commercial FEA software ABAQUS. The

(DC3D8) with linear eight nodes and mesh refinement

stress distribution at hole-edge areas and changes of

was used to model the composite laminates,

assembling parameters of CMC bolted joints under

superalloy plate, and mechanical fastener. In total,

temperature rises are discussed.

five contact pairs were defined, including upper
surface of composite plate to bolt, inner surface of

2 Analysis Methods

hole in composite plate to bolt, inner surface of hole in
superalloy plate to bolt, composite plate to superalloy

2.1 Heat Transfer Analysis

plate, and lower surface of superalloy to nut. Ideal
contact was assumed for all considered contact

One of the goals of performing heat transfer
analysis is to determine transient thermal responses
within the CMC bolted joint at various heating
durations. Another goal is to impose the obtained
temperature distribution at each time as thermal loads
for subsequent structural analysis. 2D plain-woven
C/SiC

composite

to

GH4169

superalloy

with

single-bolt and single-lap joint structure was used for
this study, and the geometry and dimensions of the

surfaces. Constant temperature loads 150 ℃, 300 ℃,
450 ℃, 600 ℃, and 750 ℃ were imposed on the top
surface of composite panel and outer surface of bolt
head depending on analysis scenarios. Natural
convection was applied on the rest surfaces of the
joint

structure

with

film

coefficient

of

0.01

mW/(mm2.℃). Both initial temperature of the entire
structure and the ambient temperature were set as
25 ℃.

Fig.1 Specimen geometry configuration of 2D C/SiC composite-superalloy bolt joint structure (mm)
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Table 1 Thermophysical properties of 2D plain-woven C/SiC composite
Density (g/cm3)

Thermal conductivity (W/(m·℃))

Specific heat capacity (J/(kg·℃))

T=20 ℃

T=25 ℃

T=700 ℃

T=20-800 ℃

2.14

2.10

3.13

26.10

Note: T represents temperature
Table 2 Thermophysical properties of superalloy(thermal conductivity)
Thermal conductivity(W/(m·℃))

Alloy
plate

T=11℃

T=100℃

T=200℃

T=300℃

T=400℃

T=500℃

T=600℃

T=700℃

T=800℃

GH4169

13.4

14.7

15.9

17.8

18.3

19.6

21.2

22.8

23.6

GH4141

8.37

10.47

12.56

15.07

17.17

19.56

21.35

23.45

25.96

Note: T represents temperature
Table 3 Thermophysical properties of superalloy(specific heat capacity and density)
Density (g/cm3)

Specific heat capacity(J/(kg·℃))

Alloy
plate

T=300℃

T=400℃

T=500℃

T=600℃

T=700℃

T=800℃

T=20℃

GH4169

481.4

493.9

514.8

539.0

573.4

615.3

8.24

GH4141

481.4

439.9

514.8

539.0

573.4

615.3

8.27

Note: T represents temperature
Ceramic composite

Bolt/Nut

Superalloy

Details of connection:
：

Contact pairs

Fig.2 Finite element model of 2D C/SiC composite-superalloy bolted joint structure for thermal analysis

2.2 Thermo-Structural Analysis
In the thermo-structural analysis of the

CMC bolted joint structure, the mechanical
properties for the three involved materials are
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listed in Tables 4-7. Friction coefficient of 0.3

discretization

was imposed for all set contact pairs as

non-overlapped end of the superalloy plate was

described above. To simulate assembly torque,

fully constrained. In order to observe changes

pre-load was applied on the metallic bolt using

of uniform bolt-hole clearance at various

bolt load function in ABAQUS. In light of

temperatures, no mechanical load was applied

lower

thermal

on the end of the composite plate. The

composite,

temperature distribution results (.ODB file)

interference is possibly generated between

from the above thermal analysis was imposed

superalloy bolt and CMC panel for neat-fit

on each node of finite element mesh as

bolted joint as the temperature elevates, which

predefined field to implement a subsequent

might lead to hole-edge failure of composite

thermo-mechanical coupled analysis of the

panel. To avoid such initial failure, a 0.7%

CMC bolted joint. Based on the developed

clearance fit between bolt and two panels was

model, the thermal stress distribution in joint

set for all the cases in this study. The DC3D8

area, changes of pre-load, and bolt-hole

element used for heat transfer analysis was

clearance for the studied bolted joint under

converted

thermal

compressive

expansion

strength

coefficient

to

8-node

and

of

reduced-integration

C3D8R elements with hourglass control for the

of

load

structural

were

model.

obtained

for

The

further

discussion.

Table 4 Mechanical properties of 2D woven C/SiC composite material
Elastic modulus

Shear modulus (GPa)

Poisson’s ratio

Thermal expansion coefficient
(10-6·℃-1)

(GPa)
E11=E22

E33

G12

G13=G23

ν12

ν13=ν23

CTE

114.13

88.90

45.12

25.63

0.13

0.26

5.12

Table 5 Mechanical properties of superalloy(Young’s moduli)
Young’s moduli (GPa)

Alloy
plate

T=20℃

T=300℃

T=400℃

T=500℃

T=550℃

T=600℃

T=650℃

T=700℃

GH4169

204

181

176

160

160

150

146

141

GH4141

221

216

210

205

200

195

188

182

Table 6 Mechanical properties of superalloy(Poisson’s ratio)
Poisson’s ratio

Alloy
plate

T=20℃

T=100℃

T=200℃

T=300℃

T=400℃

T=500℃

T=600℃

T=700℃

GH4169

0.30

0.30

0.30

0.30

0.31

0.32

0.32

0.33

GH4141

0.30

0.30

0.30

0.30

0.30

0.30

0.30

0.30
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Table 7 Mechanical properties of superalloy(Coefficient of thermal expansion)
Coefficient of thermal expansion (10-6·℃-1)

Alloy
plate

T=20-100℃

T=20-200℃

T=20-300℃

T=20-400℃

T=20-500℃

T=20-600℃

T=20-700℃

T=20-800℃

GH4169

11.8

13.0

13.5

14.1

14.4

14.8

15.4

17.0

GH4141

10.5

11.7

12.2

12.8

13.1

13.5

14.2

15.0

3 Results and Discussion

temperatures

at

the

plotted

locations

varied

3.1 Transient Thermal Responses of the

dramatically in the first 100 s, while they changed less
within 100-200 s. The temperatures gradually became

Bolted Joint

constant and reached steady state when the heating

When the structure of the C/SiC composite and
superalloy bolted joint was subjected to the thermal

duration was longer than 1288 s. The temperature
contour maps at steady state for all components of the

loading conditions as mentioned above, it experienced

joint structure are illustrated in Fig.5. According to

from transient state to steady state as the heating

Fig.5(b), the minimum temperature is 659.1 ℃ for the

period was prolonged. For 750 ℃ heat load, the

CMC plate, which was at the lower surface of the

simulated temperature contours of the joint structure
at different time durations are displayed in Fig.3.

overlapped end of both plates. However, large
temperature gradient could be observed in the

Variations of average temperature at upper surface and

superalloy plate, as plotted in Fig.5(c). Due to

lower surface of the composite plate and superalloy

convection cooling effect, the lowest value of 166 ℃

plate with heating period are plotted in Fig.4. As can

occurred on the right end of the superalloy panel.

be seen from Figs.3-4, for the whole structure, the

(a) 5 s

(b) 20 s

(c) 100 s
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(d) 200 s
Fig.3 Temperature contour map of the CMC and superalloy bolted joint structure at different heating
periods
800

600

o

Averaged temperature/ C

700

500

Upper surface of CMC plate
Lower surface of CMC plate
Upper surface of superalloy plate
Lower surface of superalloy plate

400
300
200
100
0

0

200

400

600

800

1000

1200

1400

Time duration/s

Fig.4 Variation of average temperature at different locations for the studied CMC and superalloy
bolted joint with time duration

(a) Whole structure

(b) C/SiC composite panel

(c) Superalloy panel

(d) Bolt/nut

Fig.5 Temperature contour map of the CMC and superalloy bolted joint structure at steady state condition

3.2

Thermal

Stress

and

Assembly
According to the results of thermal analysis, the

Parameters Variations of the Joint
CMC

and

superalloy

bolted

joint

structure
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experienced significant variation of temperature

superalloy. According to the thermal strain contour

distribution before reaching a steady state. To gain

map for the bolted joint subjected to 750 ℃ (Fig.8),

further insight into the effect of temperature rise on

higher thermal expansion coefficient of bolt and

structural behavior, the stress field of the joint

superalloy plate resulted in more substantial thermal

structure with 6000 N pre-load and 0.7% bolt-hole

stain and greater elongation of superalloy bolt along

clearance was firstly analyzed. The stress contour

thickness direction than that of CMC, which

maps for the bolted joint before and after imposing

undoubtedly decreased the pre-load. This decline in

steady state temperature field under thermal load of

pre-load contributes to stress relaxation, namely the

750 ℃ are displayed in Fig.6. A distinct decline in the

decrease in maximum equivalent stress for the joint

equivalent stress could be observed for the CMC and

structure as mentioned above. The variation of

superalloy bolted joint, and the maximum value was

bolt-hole

reduced to 128.9 MPa after imposing thermal load of

temperature load is demonstrated in Fig.9, in which

750 ℃, compared with the value of 503.5 MPa at

the bolt-hole clearance for composite plate reduced to

room temperature. The pre-load for the studied joint

0.0012 mm at the heating duration from 0 s to 200 s.

structure at various thermal loading time is plotted in

On the contrary, the clearance for the superalloy plate

Fig.7. It shows that during the first 200 s, the pre-load

increased to 0.025 mm from the original value of

decreased sharply from 6000 N to 871 N, accounting

0.021 mm. This is an indication that no contact

for 85.5% falling as the heating time prolonged. The

occurred between the plates and the bolt even after

decrease can be explained by thermal expansion

being heated at 750 ℃ for 200 s, if 0.7% initial

mismatch between CMC and high temperature

bolt-hole clearance was given for analysis.

clearance

induced

by

the

imposed

(a)

(b)
Fig.6 Equivalent stress contour map of the CMC and superalloy bolted joint before (a) and after (b)
imposing temperature load of 750 ℃
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Fig.7 Variation of pre-load with heating time duration for the studied CMC and superalloy joint
structure

Fig.8 Thermal strain contour map along thickness direction for the CMC and superalloy bolted joint
subjected to 750 ℃
0.030

Bolt-hole clearance/mm

0.025

0.020

0.015

CMC plate
Superalloy plate

0.010

0.005

0.000

0

40

80

120

160

200

Time duration/s

Fig.9 Variation of bolt-hole clearance with time duration for the studied CMC and superalloy joint
structure
Variations of the pre-load and bolt-hole clearance

could be up to 85.5%. With the increase of

with the imposed hot-side temperature are shown in

temperature, a slight increase in the bolt-hole

Figs.10 and Fig.11, respectively. As demonstrated,

clearance for superalloy plate could be observed from

large variations in assembly parameters occurred in

0.021 mm at room temperature to 0.024 mm at 750 ℃.

the first 40 s. For the given 0.7% clearance, the

However, the clearance for composite plate decreased

pre-load decreased from 6000 N at room temperature

to 0.012 mm at 450 ℃ and 3.10×10-4 mm at 750 ℃.

to 5416 N for thermal load 150 ℃, 3134 N for 450 ℃,

Remarkable decline of 94.7% in the bolt-hole

and 871 N for 750 ℃, and the decrease at 750 ℃

clearance at 750 ℃ meant that 0.7% initial assemble

Journal of Harbin Institute of Technology(New Series)

clearance at room temperature would be changed to

4 Conclusions

neat-fit condition as the bolted joint reached thermal
equilibrium for the considered heating boundaries.

To observe thermo-mechanical behavior and

The adverse varying trends in the clearance for the

variations of assembly parameters of single-lap C/SiC

two plates could be reduced to difference in thermal

composite and superalloy bolted joint under elevated

expansion coefficients of materials. Compared with

temperatures, heat transfer analysis was firstly carried

the superalloy, the C/SiC composite possesses lower

out to calculate transient temperature distribution at

thermal expansion coefficient, thus the gap between

each heating time, which was then imposed on the

the bolt and hole became narrow. On the contrary, the

finite element model of the joint as predefined field

slight increase in clearance between the bolt and the

for subsequent thermo-structural analysis by using a

superalloy plate can be attributed to the close values

commercial FEA software ABAQUS. Results showed

of thermal expansion of the two metallic parts.

that pre-load decreased dramatically with the increase
of imposed time duration and hot side temperature due

6000

to the thermal expansion mismatch between CMC and

5000

Residual pre-load/ N

high temperature superalloy. The bolt-hole clearance
4000

for composite plate induced by the imposed thermal

3000

load decreased, whereas the clearance for superalloy
plate increased with the rise of temperature. This

2000

research would establish foundation to further reveal

1000

the effect of thermal loading on damage mechanism
0
100

200

300

400

500

600

700

800

and failure load for CMC bolted joint applied at high

o

Temperature/ C

Fig.10 Variation of residual pre-load with imposed
hot-side temperature for the studied CMC and
superalloy bolted joint structure

temperatures in the future work.
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