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Abstract
In this paper, experiments were conducted to study the tensile performance of metal-to-composite bolted joints at room 
temperature and 250 °C. Furthermore, numerical models were developed to simulate tensile behavior of the joint. After 
achieving a decent validation between numerical models and experimental results, more detailed studies were conducted 
through finite element models to find out the influence of temperature, bolt material, the thickness of composite laminate and 
stacking sequence on tensile properties of the joint at room temperature and 250 °C. The research showed that temperature 
significantly affects the bearing strength of the joint. Around 42–50% decrease in bearing strength was observed at 250 °C 
as compared to room temperature. Stacking sequence variations have a little more effect on bearing strength at higher tem-
perature than at room temperature. With the change of stacking sequences, around 11–24% variation in bearing strength was 
observed at 250 °C as compared to 8–20% at room temperature.
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1  Introduction

There is a remarkable rise in the use of composite material 
in almost every industry, especially military and commercial 
aircraft, satellites and space launchers [1–3]. When equated 
with other materials, composite materials have higher spe-
cific strength and rigidity, chemical and corrosion resistance 
and higher resistance for temperature [4–7].

Due to the limitation of design, manufacturing, usage and 
maintenance, the connection or joint structures are unavoid-
able. As the efficiency of composite structures is primarily 
influenced by the efficiency of the joint, research to precisely 
predict the tensile properties of the composite joint is very 
crucial [8–12]. Bolted joints can transfer high loads and are 

less sensitive to environmental conditions when compared 
with bonded joints, which exhibit higher sensitivity to envi-
ronmental conditions and high interlaminar stresses [13]. 
Many factors affect the bearing strength of composite joints 
like ply sequence, clamping torque, environment tempera-
ture, geometry parameters, etc. [14–18].

Ibrahim Fadil Soykok et al. [19] investigated a decrease of 
70% in the failure load of the double-bolted single-lap glass 
fiber/epoxy joint at 80 °C. They also observed that there 
is no temperature effect on the failure mode of joint, i.e., 
same failure was observed at room and high temperatures 
due to the reason that failure modes are mainly affected by 
material and geometric parameters. Turvey and Sana [20] 
experimentally studied the effects of geometry and tempera-
ture (40–80 °C) on characteristic failure stress to facilitate 
the preliminary design for double-lap single-bolted tension 
joint. They made tables that can help the designer to check 
the change in stresses with the change of edge-to-diame-
ter ratio at a particular temperature. Zu et al. [16] studied 
the temperature effects (from 40 to 120 °C) on the bearing 
response of fiber metal laminate joints. Their results showed 
a decrease of up to 40% at 120 °C as compared to room 
temperature.

As many researchers investigated the tensile properties 
of the bolted composite-to-metal joints at room temperature 
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only, the research content at high temperature, especially 
above 200 °C, is minimal. At elevated temperature, thermal 
expansion mismatch between composite and metal, residual 
thermal stresses, change in properties of material and change 
in fit conditions of joint greatly influence the tensile proper-
ties of the joint. To take full advantages of the composite 
bolted joints and to optimize the design, it is necessary to 
carry out experimental and theoretical research of the bolted 
connections at elevated temperatures. Main failure modes 
in bolted composite joints are bearing, cleavage, net tension 
and shear-out failures. Bearing failure normally happens 
because of compressive stresses generated by the compres-
sive load near the region of bolt and composite hole that 
bring the composite plate to nonlinear behavior [12, 21, 22].

In this study, specimens were manufactured for experi-
mental testing, and 3D finite element models were estab-
lished for numerical analysis. Once the numerical model 
closely agreed with experimental results, the detailed study 
was conducted to investigate the effect of different factors 
on the strength of CCF300/GW300 bolted joint at room tem-
perature and higher temperatures.

2 � Experimental procedure

According to ASTM D5961M standard, 14 specimens of 
CCF300/GW300 carbon fiber-reinforced composite-to-
aluminum bolted joints were manufactured. Based on ply 
sequences and geometry, samples were divided into two 
groups. The laminate thickness of group 1 was 4.5 mm 
and bolt-hole diameter was 6 mm. The laminate thickness 
of group 2 laminate was 2.4 mm and bolt-hole diameter 
was 5 mm. The ply sequence of group 1 laminates was 
[02/± 45/90/0/± 45/03/± 45/90/0]S and ply sequence of 
group 2 laminates was [02/± 45/02/90/0]S. Four specimens 
from each group were tested experimentally at room condi-
tions and remaining tested at 250 °C. The details of group 
1 specimens are in Fig. 1. The details of group 2 specimens 
were almost the same as that of group 1, but the bolt-hole 
diameter was 5 mm and the laminate thickness was 2.4 mm. 
The material of the metallic plate was aluminum, while the 

bolt material was chosen to be titanium. 3.5 N-m bolt torque 
was applied on all the specimens. Laminates’ mechanical 
and thermal properties [23] are given in Tables 1 and 2, 
respectively. The bolt and metal plate material properties 
are given in Table 3 [23].

Instron 8802 (250 kN) was used to perform all the experi-
ments. The machine loading rate was chosen to be 1 mm/min 
for all tests. The details of test setups at the room and high 
temperature are shown in Fig. 2. The temperature rising was 
carried out in a self-heating chamber with the capability of 
350 °C maximum temperature increase. The apparatus was 
set to increase at a rate of 30 °C/min. Once the temperature 
of specimen reached the required level, the machine was 
kept at this temperature for 5 min before the loading was 
started.

3 � Numerical model

3.1 � Damage simulation

A progressive damage model (PDM) of metal-to-composite 
bolted joint was established. The calculation process of PDM 
mainly includes stress–strain calculation, the initial damage 
criterion and material property degradation. For compos-
ite material, the suitable damage criteria are used to pre-
cisely refer to the state of the material and predict whether 

Fig. 1   Geometry details of 
group 1 specimens a front view 
and b top view

Table 1   Composite laminates mechanical properties at room temper-
ature

Elastic Strength

Group Value Group Value (MPa)

E1 (GPa) 126 XT 1260
E2 (GPa) 9.76 XC 1370
E3 (GPa) 9.76 YT 24.7
G12, G13 (GPa) 5.21 YC 178
G23 (GPa) 3.36 S12 57.4
υ12, υ13 0.3 S23 103
υ23 0.36 S13 57.4
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it will fail. Then, the values of material elastic constants 
were reduced according to the different types of damage. 
The strength calculation terminated as soon as the bearing 
capacity of the laminate is rapidly decreased, at this time, 

the structure completely fails. The damage analysis of the 
laminate takes into account fiber tension and compression 
failures, matrix compression, and tension failure, matrix/
fiber shear failure and delamination in compression and ten-
sion. The PDM calculation process is shown in Fig. 3.

3.1.1 � Laminate damage

Many scholars have researched to establish a series of differ-
ent types of strength criteria for anisotropic composite mate-
rials theoretically, experimentally and through FE simulation 
[24–26]. In this study, Hashin failure rules [27] are used 
to forecast laminate damage. The classification criteria for 
damage based on various forms of damage are as follows:

Table 2   Thermal properties of 
laminates

Group Value at RT Value at 250 °C

Longitudinal heat transfer coefficient [k11 (W/m °C)] 9.6 9.8
Heat transfer coefficient in transverse and through thickness direc-

tion [k22, k33 (W/m °C)]
1.1 1.2

Density (kg/m3) 1600 1600
Longitudinal thermal expansion coefficient [α11 (× 10−6/°C)] 0.03 0.05
Thermal expansion coefficient in transverse and through thickness 

direction [α22, α33 (× 10−6/°C)]
23.5 26

Specific heat [C (kJ/(kg °C))] 1.2 1.2

Table 3   Material properties of bolt and metal plate

Property name Bolt Metal plate

Modulus of elasticity [E (GPa)] 110 70.6
Poisson’s ratio (υ) 0.29 0.3
Yield strength [Ys (MPa)] 825 356
Thermal expansion coefficient [α (× 10−6/°C)] 8.6 21.6
Heat transfer coefficient [k (W/m °C)] 6.7 130
Specific heat [C (kJ/(kg °C))] 0.526 0.960

Fig. 2   Heating and testing 
setup a heating chamber and 
b at room temperature testing 
machine
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(a)	 Fiber tensile damage

(b)	 Fiber compressive damage

(c)	 Matrix tensile cracking

(d)	 Matrix compressive cracking

(e)	 Fiber–matrix shear failure

(f)	 Delamination in tension
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(g)	 Delamination in compression

In the formula, �
1
 , �

2
 and �

3
 are normal stresses in posi-

tive coordinate system 1, 2 and 3, respectively. �
12

 , �
13

 and 
�
23

 are shearing stresses. X
T
 and X

C
 represent strengths in 

the tensile and compressive direction of fiber, respectively. 
Y
T
 and Y

C
 represent tensile and compressive strengths in 

transverse direction. Z
T
 and Z

C
 indicate tensile/compressive 

strength of the matrix, and S
12

 , S
13

 and S
23

 are in-plane and 
interlaminar shear strengths.

3.1.2 � Degradation of composite laminates

In the experiment, the composite material will still bear 
some loading after damage. To simulate this behavior in 
FEM, many researchers develop degradation guidelines for 
the reduction of material stiffness. The selection of criteria 
for failure has a major impact on the accuracy of material 
degradation models. In this study, reduction factors proposed 
by Camanho, Papanikos and Tan [28–30] are used. Table 4 
shows the degradation rules.

3.2 � Model details

Owing to the geometric and loading symmetry, half of the 
model was constructed for thermal and structural analy-
sis. Elements selected for thermal load calculations were 
DC3D8. Figure 4 shows the FE model and applied boundary 
conditions for the thermal model, where “T” is the tempera-
ture applied and “h” is the heat convection coefficient.

Figure 5 shows the boundary conditions and the 3D 
FE model for structural analysis. By using C3D8R three-
dimensional solid elements, the FE model was developed 
with three parts as a metal plate, composite laminates and 
bolt. C3D8R elements are eight-node brick elements hav-
ing reduced integration (1 integration point). Each node of 
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Fig. 3   PDM damage calculation process in Abaqus

Table 4   Stiffness degradation criteria

Damage form Degradation criteria

Fiber breakage All material properties × 0.07
Matrix cracking E22 = 0.2E22, G13 = 0.2G13, 

G23 = 0.2G23, �13 = 0.2�
13

 , 
�
23

= 0.2�
23

Fiber/matrix shear failure G12 = 0.2G12, �12 = 0.2�
12

Delamination E33 = 0.2E33, G13 = 0.2G13, 
G23 = 0.2G23, �13 = 0.2�

13
 , 

�
23

= 0.2�
23
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C3D8R has three degrees of freedom, namely UX, UY and 
UZ.

There were a total of 64,128 elements in a finite element 
model. A region around the bolt hole and the overlap areas 
of metal plate/composite laminates are most important in 
terms of interactions of different parts and load transfer, so 
these regions finely meshed. To facilitate easy and detailed 
analysis of damage in each layer, the composite laminate is 
divided into 16 layers having a thickness of 0.15 mm in the 
thickness direction. Each layer is assigned a different mate-
rial orientation with a custom material coordinate system to 
represent the different layup directions of each layer. For the 
accuracy of stress calculations, the region of contact densely 
meshed with one-to-one matching nodes.

Clamped boundary conditions were applied on the left 
end of the metal plate. Displacement loading was applied 

in the x direction on the right of the composite face while 
keeping Uy = Uz = 0 and URx = URy = URz = 0 . Since the 
model was half, symmetry conditions were applied at sym-
metric plane XY in the global coordinate system (Uz = 0, 
URx = URy = 0).

4 � Results

4.1 � Temperature distribution in joint

Figure 6 demonstrates the temperature distribution in the joint 
following 1 s and 40 s. As the thermal conductivity of tita-
nium and composite plate material is almost the same, the 
time required to reach uniform temperature is around 40 s as 
shown in Fig. 7. On the other hand, the time required for the 
aluminum plate to reach uniform temperature is around 2 s.

Fig. 4   Thermal finite element 
model details a top view and b 
front view

Fig. 5   Structural finite element 
model details a top view and b 
front view
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4.2 � Load–displacement curves

4.2.1 � At room temperature

Specimens experimentally tested at room conditions are named 
as RT. Four specimens from group 1 and group 2 were tested 
at RT. The bearing load calculated by using 2% offset line 
according to the ASTM D5961M standard is shown in Fig. 8.

The load/displacement results are graphically plotted in 
Figs. 9 and 10, while Table 5 shows the 2% bearing load. 
The load–displacement curves show a close agreement 
between experimental and FEA outcomes. The percentage 

change between FEA and average test values for group 1 is 
about 2.44%, while for group 2 is about 6.62%.

4.2.2 � At elevated temperature

Three specimens, from group 1 and group 2, tested at 
250 °C are named as ET. Figures 11 and 12 show the 
load–displacement curves, while Table 6 shows the 2% 
bearing load. The percentage difference between FEA 
results and testing results is around 3.14% for group 1, 
while for group 2 is around 4.74%. The reduction in the 
offset bearing load at 250 °C for group 1 is around 42.6%, 
while for group 2 is around 50.4%.  

Fig. 6   Temperature distribution at different times a at 1 s and b at 40 s

Fig. 7   Time required for aluminum plate, composite plate and bolt to 
reach uniform temperate Fig. 8   Offset bearing load
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Fig. 9   Load–displacement curves at room temperature for group 1

Fig. 10   Load–displacement curves at room temperature for group 2

Table 5   Offset bearing load at the room temperature

Group 1 Group 2

Specimen Offset bearing 
load (kN)

Specimen Offset bear-
ing load (kN)

RT1 9.46 RT5 4.71
RT2 9.87 RT6 5.57
RT3 9.23 RT7 4.31
RT4 9.10 RT8 4.15
Average 9.42 Average 4.68
FEA 9.19 FEA 4.37
Error/% 2.44 Error/% 6.62

Fig. 11   Load–displacement curves at elevated temperature for group 1

Fig. 12   Load–displacement curves at elevated temperature for group 2

Table 6   Offset bearing load at 250 °C

Group 1 Group 2

Specimen Offset bearing 
load (kN)

Specimen Offset bear-
ing load (kN)

ET1 5.06 ET4 2.27
ET2 4.97 ET5 2.32
ET3 6.20 ET6 2.38
Average 5.41 Average 2.32
FEA 5.24 FEA 2.43
Error/% 3.14 Error/% 4.74
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4.3 � Joint failure

The joint failed due to contact pressure between the bolt 
and the composite laminate hole. Figure 13 shows the dam-
age made to the laminate and metal plate. The composite 
laminate was damaged near the bolt hole owing to fiber/
matrix shear failures. The yielding of the metal plate was 
also observed around the hole on the compressive side of the 
plate. The damage in composite laminate was made through-
out the cross section near the hole at the compression side 
of the laminate. There was no evident yielding damage in 
the bolt.

4.4 � Damage progression

Fiber–matrix shear damage occurred at 45° and 0° 
plies. The damage started near the compressive side of 
the hole and propagated toward the circumferential and 

longitudinal side. As the damage stretched in the trans-
verse direction, it propagated toward the longitudinal side 
of the laminate. Fiber tensile and compressive damage 
occurred in 0° and − 45° plies in the same location as the 
damage due to fiber/matrix shear and it followed the same 
propagation behavior.

Matrix damages started at 90° and 45° plies near the 
hole at uncompressed regions experiencing tensile stress. 
As the adhesive damage occurred, it propagated toward the 
compression side plies and spread to all plies.

Delamination started near the hole, and once the adhe-
sive near the hole is completely damaged, it propagated to 
other plies with the propagation of extrusion of the bolt 
hole. The delamination damage occurred in both tension 
and compression regions. Figure 14 shows the damage 
profiles at the start of damage, while Fig. 15 shows the 
damage profiles at 2% bearing strength.

Fig. 13   Damage in the joint a 
metal plate damage and b com-
posite laminate damage

Fig. 14   Damage profile at the start of damage a at RT and b at ET
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5 � Discussion

5.1 � The effect of bolt material

Bolt material effects on bearing strength were studied with 
two different materials, namely titanium and aluminum. 
The material properties of bolts used for strength evalua-
tion are given in Table 7, while Fig. 16 shows the results. 
From results, it is clear that for both room temperature and 
250 °C, bearing strength of composite connection with the 
aluminum bolt is less than that of titanium bolted joint. 
One of the reasons for this difference in bearing strength 
is that the better stiffness, strength and expansion coeffi-
cient of the titanium material bolt make it withstand with 
the higher load without damage. Replacement of titanium 
bolt with aluminum decreases the bearing strength around 
13% at 250 °C and around 15% at room temperature. At 
room temperature, the stiffness of the composite and metal 
plate is very high that favors the higher change in bearing 
strength.

5.2 � The effect of the thickness of composite plate

Three values of laminate thickness (such as 2.4, 3 and 
4.5 mm) were used to investigate the combined effect of 
the thickness of composite laminate and temperature on 
bearing strength. Figure 17 shows the effect of the lami-
nate thickness on crushing strength. From the results, 
with the increase in the thickness of the composite plate, 
bearing strength of joint increases proportionally. This 
increase in strength is more obvious for 3 mm thickness 
of the composite laminate than for 4.5 mm. The reason for 
this is that after a certain increase in the thickness of the 
composite plate, bearing strength greatly starts depending 
on the strength of the bolt and the metal plate.

Fig. 15   Damage profiles at the offset bearing strength a at RT and b at ET

Table 7   Material properties of bolts

Material property Titanium Aluminum
Value Value

Young modulus (GPa) 110 70.6
Density (kg/m3) 4430 2810
Yield strength (MPa) 825 356
Thermal expansion coefficient (× 10−6/°C) 8.6 21.6
Thermal conductivity (W/m °C) 6.7 130

Fig. 16   Effect of bolt material on bearing strength
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5.3 � The effect of temperature

Three different temperatures were chosen for the study of 
temperature effects on joint bearing strength. Figure 18 
shows, as the environment temperatures increase, the bear-
ing strength of joint decreases. There is around 13% decrease 
in bearing strength at 125 °C while about 50% decrease in 
bearing strength at 250 °C.

5.4 � The effect of stacking sequence

Three different ply stacking sequences were used to study 
the effect of stacking sequence and temperature. Stacking 
arrangements investigated are tabulated in Table 8, while 

Fig. 19 shows the effect of stacking arrangements and tem-
perature on joint bearing strength. For this joint, bearing 
strength rises with the increase of 0° as well as with ± 45° 
plies. Increasing 0° plies and decreasing ± 45° plies will have 
a negative effect on bearing strength as is evident from SS-1. 
Similarly, increasing ± 45° plies and decreasing 0° plies will 
have a negative effect as evident from SS-3. The variation in 
offset bearing strength at 250 °C is from 11 to 24%, while 
at room temperature, is from 8 to 20%. Among the three ply 
sequences chosen, the SS-2 is the optimal choice.

6 � Conclusions

In this article, the offset bearing strength of metal-to-com-
posite bolted joints was studied at RT and ET. The numerical 
models were developed in Abaqus/Standard and achieved 
a good promise with experimental results. The combined 
effects of temperature, bolt material, the thickness of the 
composite plate and stacking sequence were investigated. 
From the results, the following conclusions were obtained.

1.	 At high temperature, because of mismatch of thermal 
expansion coefficient between different parts used in 

Fig. 17   Effect of thickness of laminate on bearing strength

Fig. 18   Effect of temperature on bearing strength

Table 8   Stacking sequences used for analysis

Specimen # Stacking sequence Bearing 
strength 
(MPa)

Ply composition 
(%)

0° ± 45° 90°

SS-1 [02/± 45/02/90/0]S 202.6 62.5 25 12.5
SS-2 [± 45/02/± 45/90/0]s 250.8 37.5 50 12.5
SS-3 [02/± 452/902]S 225.9 25 50 25

Fig. 19   Effect of stacking arrangement on bearing strength
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composite bolted joints and change in material proper-
ties, the temperature has a major effect on the tensile 
properties of the joint. There is about a 50% decrease 
in bearing strength at 250 °C as compared to room tem-
perature.

2.	 The bolt material significantly affects bearing strength 
of the joints. Replacement of the titanium bolt with the 
aluminum decreases the bearing strength around 15% at 
room temperature and around 13% at 250 °C.

3.	 Stacking sequence in combination with high temperature 
has a little more effect on bearing strength than stacking 
sequence at room temperature. The variation of offset 
bearing strength at 250 °C is from 11 to 24%, while at 
room temperature, the variation is from 8 to 20%. An 
increase in both ± 45° and 0° plies increases the bear-
ing strength of the joint. The most suitable stacking 
sequence among the investigated stacking sequences is 
[± 45/02/± 45/90/0]s.
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