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Abstract
As the use of composite materials in aerospace is growing fast, more metal-composite hybrid structures come into being and
thermal stress becomes increasingly a concern that may affect structural safety. In this paper, experimental and numerical
studies are conducted on the mechanical strain induced by thermal stress in an AL/CFRP hybrid structure subjected to a
heating–cooling–heating cycle. The studied hybrid structure consists of a metal plate and a composite laminate fastened by
three bolts. The experimental results show that the mechanical strain in either metal or composite exhibits a hysteresis as the
structure undergoes the temperature cycle, which implies the existence of structural nonlinearities. Finite element analysis,
which incorporates details of the bolt joint, reproduces the hysteretic responses that reach a reasonable agreement with the
experimental ones. Numerical studies disclose the effects of the structural parameters, i.e., friction coefficient, clamping force,
fastener-hole clearance and bolt spacing, on the hysteresis and provide insights into the physical events during the thermal
cycling. The reported work reveals that the movement of the bolts inside the surrounding holes is the key mechanism that
drives the hysteretic thermal stress in the tested structure and sheds light on further investigations of structural safety of such
hybrid structures under cyclic thermomechanical conditions.

Keywords Hybrid structure · Bolt · Thermal stress · Hysteresis · Finite element analysis

1 Introduction

Compared with metals, composite materials possess many
excellent properties such as high specific strength and large
specific modulus [1]. Therefore, more and more composite
materials are used in aircrafts to reduce weight and improve
flight performance while meeting strength requirements [2].
Compositematerialswere initially used for non-load-bearing
parts, but now they are used in secondary and even pri-
mary load-bearing parts [3]. As composite materials find
widespread applications across various fields, and metal
materials retain unique and irreplaceable characteristics in
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certain structures, the emergence of metal-composite hybrid
structures becomes inevitable. The main type of connection
method used in these structures ismechanical connection [4],
such as bolt joint, which is widely used in aerospace because
of the high reliability [5]. Due to the large difference in coeffi-
cients of thermal expansion (CTEs) between the constituents,
when the temperature changes, themetal and composite com-
ponents in a hybrid structurewill bemutually constrained and
generate thermal stress even the structure is subjected to no
external loading. In the field of aerospace, aircrafts usually
undergo severe temperature changes during service, conse-
quently thermal stress and its effects on the stress states in
the components of metal-composite hybrid structures during
thermal cycles cause concerns about structural safety.

A few studies have been reported on the experiment
and analysis of the mechanical responses of hybrid struc-
tures which consist of components fastened by bolt joints.
It is found that temperature changes will affect the internal
load distribution and stress state in fastened hybrid com-
posite/aluminum structures. Yang [6] studied the interaction
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between the Z-shaped aluminum beams and the solid com-
posite laminate in a bolted hybrid structure, that is part
of an aircraft’s fuselage. The experiments showed that for
the multi-bolt hybrid structure, the end bolts bear greater
shear loads than the intermediate bolts when the temper-
ature changes and a theoretical model was established to
analyze the thermal stress in metal-composite hybrid struc-
tures and produced results that fit well with the experimental
results. Deng [7] used a finite element model to simulate
Yang’s experiments and drew the same conclusion as Yang’s.
Wei [8] employed ABAQUS to simulate a metal-composite
hybrid structure, in which a uniform temperature field is
applied to the model and the rigid displacement is con-
strained. They found that the greater the difference between
the initial assembly temperature and the operating tempera-
ture, the greater the loadon the connecting bolts. Temperature
also affects the stiffness and strength of fastener joints. Exper-
iments have shown that the strength of the joint is affected by
temperature, whether it is a single-lap double-fastener joint
or a double-lap single-bolt joint. At room temperature, the
strength and stiffness of the joint are higher than those at high
temperatures [9–13].

In addition, scholars have also conducted research on
theoretical models. Finite element simulations of fastened
metal-composite hybrid structural joints typically ignore the
compliance of the fasteners and therefore produce relatively
conservative thermal stress and strain results. In order to solve
this problem, Norwood [14] developed a theoretical model
to correct the finite element model of the rigid connection
between the skin and spar nodes to obtain more accurate
thermal strains. Through static tensile experiments, Zhu [15,
16] found that high temperature will affect the failure mode
of screwed single-lapCCF300/AC721-30CrMnSiA joint and
proposed a progressive damage model (PDM) based on
damage criteria and temperature effects. Coman et al. [17]
investigated countersunk-bolted aluminum–composite joints
and developed a PDM for this hybrid structure which con-
sidered all the nonlinearities such as geometric, material and
friction-based full contact. They found that as the tempera-
ture increased, the failuremode of the structure changed from
net section failure to bearing failure and even shear failure.
This is because at low temperatures, the material becomes
more brittle. At high temperatures, the plasticity of the mate-
rial increases, and a significant yielding process is observed
before ultimate failure. Experiments have proven that high
temperature and humidity can affect the fatigue life of joints.
In combination with experimental analysis of joint failure
modes, Karimi [18] conducted the first study on the impact of
hygrothermal aging on the static strength and fatigue three-
point bending strength of AL/CFRP single-lap joints. Zhu
[19] proposed a temperature-humidity-mechanical coupled
fatigue behavior evaluation method. This model can sim-
ulate the fatigue failure mechanism and mode of threaded

composite-metal joints in any temperature-humidity environ-
ment and predict their fatigue life.

Existing studies mainly focus on the effects of temper-
ature on the strength, stiffness and fatigue performance of
joints in fastened structures. However, few work is reported
on the thermal stress in fastened metal-composite hybrid
structures, especially its evolution with temperature change
and how it is affected by the structural parameters of fas-
tening, which are fundamental problems for future studies
on the thermal fatigue of such structures. In this article,
we perform experiments to measure the mechanical strain
induced by thermal stress in a bolted metal-composite hybrid
structure subjected to a heating–cooling–heating cycle, and
analyze numerically by finite element modeling to explore
themechanismbehind themeasured responses and the effects
of fastening parameters. Section 2 elaborates the setup and
results of the experimental work. Section 3 describes the
finite element model, the comparison between the simulation
and experimental results and the impacts of several fasten-
ing parameters such as friction coefficient, clamping force,
fastener-hole clearance and bolt spacing on the hysteretic
response. Conclusions are drawn in Sect. 4.

2 Experiment

Experimental tests were conducted on bolted metal-
composite hybrid structures subjected to a heating–cool-
ing–heating cycle.

2.1 Specimens

Figure 1a shows the schematic of a specimen and its detailed
geometric dimensions are illustrated in Fig. 1b. A speci-
men consists of a metal plate and a composite laminate,
with the same width of 28.56 mm. The thicknesses of the
metal plate and the composite laminate are 2.70 mm and
4.56 mm, respectively. The overlap of the two components is
218.96 mm long and fastened by three bolts along the longi-
tudinal centerline with a spacing of 95.20 mm. The nominal
diameter of the bolt is 4.80 mm. Strain gauges are attached
on the surface at the midpoints between neighboring bolts in
order to measure the mechanical strain induced by thermal
stress. The locations of the strain gauges are namedSite #1–4,
as highlighted in the figure. Six specimens manufactured in
the same batch were tested in the experiment, and the data
acquired were analyzed statistically to check the confidence
of the results.

A composite laminate consists of 24 unidirectional car-
bon fiber reinforced polymer (CFRP) plies with a stacking
sequence of [45/0/-45/90]3S. The matrix of the composite
is epoxy resin. Each ply has a thickness of 0.19 mm and
the total thickness of the laminate is 4.56 mm. The elastic
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Fig. 1 The a schematic and b geometric dimensions of a specimen

Table 1 Material properties

Property Material

Lamina Al Ti

E1 (GPa) 144.5 72.4 110.24

E2 (GPa) 8.25

E3 (GPa) 8.25

ν12 0.32 0.33 0.33

ν13 0.32

ν23 0.32

G12 (GPa) 4.5 27.218 41.444

G13 (GPa) 4.5

G23 (GPa) 4.5

α11(10−6/°C) 0.15 23.04 8.82

α22(10−6/°C) 28.7

α33(10−6/°C) 28.7

constants and CTEs for each ply in the material principal
coordinate system are measured separately and shown in the
second column in Table 1. One may note that the laminae
are orthotropic and the symmetric stacking sequence makes
the laminate orthotropic. The material of the metal plate is
an aluminum alloy of grade 7050-T7451 with the material
specificationAMS4050.The bolt ismade by titaniumalloy of
grade Ti-6AL-4V-annealed, and the material specification is
AMS4911. The bolt model is CFBL1001AG6, the nut model
is CFNT1003CY6, and the nominal diameter of the bolt is
4.76 mm. The Young’s modulus, Poisson’s ratio and CTE of
the aluminum alloy and titanium alloy are listed in the third
and fourth columns of Table 1.

2.2 Measurement method of themechanical strain
induced by thermal stress

In the experiment, no external loads are exerted on the spec-
imens, which are only subjected to temperature changes.
Given the inherent challenges associated with directly mea-
suring thermal stress, the mechanical strain εM induced by
thermal stress is quantified in this study using strain gauges.

The reading of a strain gauge εS attached on a specimen can
be divided into:

εS � εM + εT . (1)

In Eq. (1), εT is termed thermal output and includes the
following terms [20]:

εT �
[αg

K
+

(
βs − βg

)]
�T (2)

where αg is the temperature coefficient of electric resistance
of the gauge material, K is the sensitivity factor of the strain
gauge, βs and βg are the CTEs of the specimen and gauge
materials respectively, and �T is the change in temperature.
In Eq. (2), the first term (αg/K)�T represents the change of
electric resistance of the gauge solely caused by temperature
change and (βs−βg)�T stands for the interaction between
the specimen and the gauge due to the mismatch of their
CTEs. One should note that all coefficients in Eq. (2) may be
functions of temperature, rather than constants. Equation (2)
indicates that the thermal output includes not only the thermal
expansion of the specimen, but also complicated additional
terms related to the gauge material.

It can be easily seen from Eq. (1) that the mechanical
strain induced by thermal stress εM can be extracted by sub-
tracting the thermal output from the strain gauge reading.
The relation between the thermal output εT and temperature
change �T is usually nonlinear and even complex. Rather
than curve fitting this relation by polynomials like [6], we
utilize coupon samples of the aluminum alloy and the com-
posite laminate, fabricated concurrentlywith those employed
in specimen assembly, adhering to a consistent batch. The
coupons are 75 mm long and 55 mm wide and the length
direction is parallel to the longitudinal direction of the spec-
imens. The thickness of the composite coupon is the same as
the composite laminate in the specimen, and the thickness of
the metal coupon is 4 mm. In the experiment, the coupons
are placed in a free-standing manner in the same environ-
ment with the specimens, and resultantly the reading of any
strain gauge on the coupons is the thermal output since no
mechanical load is applied or generated. Four strain gauges
are attached onto each coupon along the length direction, and
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their mean reading is taken to be the thermal output εT used
to extract the mechanical strain.

A specimen is fabricated through joining a composite lam-
inate and ametal plate bybolts, and thus the readingof a strain
gauge on the specimen εS includes both mechanical strain
induced by thermal stress εM , which is generated because of
the mismatch between the CTEs of the composite and the
metal, and thermal output εT , which is related to tempera-
ture change by Eq. (2). A coupon, either composite or metal,
subjected to temperature change exhibits only thermal output
εT described by Eq. (2) and does not incur mechanical strain
because it is neither loaded nor fastened to other structures.
For data processing, the mechanical strain at a gauged site
on a specimen is calculated by subtracting the thermal output
εT of the coupons made by the same material from the local
strain gauge reading.

2.3 Experiment scheme

The setup and scheme of the experiment are illustrated in
Fig. 2. The interior temperature of the environmental cham-
ber can be controlled electronically. Signals from all strain
gauges are transmitted into an MTS dynamic data acqui-
sition system. A thermocouple is adhered to each surface
of the specimens and the coupons on which strain gauges
are attached, in order to monitor the temperature of the
tested structures. Figure 3 shows photos of the equipment
and specimens/coupons. The specimens are placed freely in
the chamber and wood blocks are used to keep them stand in
the vertical direction, in order to avoid interacting with each
other. The coupons are placed separately on a steel web.

The experiment involves five types of environments with
different temperature values, as shown in Table 2. The com-
plete temperature history in the experimental cycle is RT →
ETD1 → ETD2 → ETD1 → RT → LTD1 → LTD2 →
LTD1 → RT, as shown by the plot at the left bottom corner
in Fig. 2. At each temperature point, the temperature of the
environmental chamber is set to the target value and its cli-
mate control system starts to adjust the interior environment.
When the readings of all thermocouples lie within ± 2 °C
around the target temperature and keep unchanged for more
than 5 min, the data of strain gauge readings are collected
and then the experiment proceeds towards the subsequent
temperature point.

2.4 Experiment result

As stated in Sect. 2.2, the mechanical strain induced by ther-
mal stress εM on the surface of a metal plate or a composite
laminate in a specimen can be calculated as

εM � εS − εT , (3)

where εS is the reading of the strain gauge attached on the
specimen, and εT is the mean reading of the strain gauges
on the coupon made with the same material with the gauged
component of the specimen.

The responses of thermal stress-inducedmechanical strain
εM versus temperature measured at the four gauged sites in
Fig. 1 are plotted in Fig. 4. The solid dots are the average
of the measured values at the same site on the six speci-
mens and the error bars are determined from the standard
errors. Smaller error bars suggest that the test results of the six
specimens have a higher level of confidence. Themechanical
strain–temperature curve at Site #1 or #3, which is on the sur-
face of the metal plate, possesses a positive slope generally.
On the contrary, the curve on the surface of the composite,
i.e., Site #2 or #4, has a negative slope. It is interesting to find
that the mechanical strain on either the metal or composite
sides exhibits a hysteresis loop as the temperature undergoes
the heating–cooling–heating cycle.On themetal plate, e.g., at
Site #1, the difference of the mechanical strains at 71 °C, i.e.,
bullets ➁ during heating and ➃ during cooling, is 45.2 με (1
με � 10−6). In the process of cooling, the temperature passes
through RT at bullet ➄ with a residual mechanical strain of
− 51.1 με. In the temperature range below RT, the differ-
ence of the mechanical strains at − 25 °C (bullets ➅ during
cooling and ➇ during heating) is 78.0 με. At the end of the
experiment (bullet ➈), the hysteresis loop is not closed, with
a residual mechanical strain of 39.1 με. On the composite
laminate, e.g., at Site #2, the difference of mechanical strain
is 110.1με at 71 °C between bullets➁ and➃ and 110.5με at
− 25 °C between bullets➅ and➇. The residual strain at RT is
139.3με and− 100.1με at bullets➄ and➈ respectively. The
mechanical strain-temperature hysteresis at Site #1 encloses
an area of 8175 με °C and the hysteresis at Site #2 encloses
an area of 17,645 με °C. The mechanical strain responses at
Sites #3 and #4 are quite close to those at Sites #1 and #2,
indicating that the specimen is essentially symmetric about
the central bolt.

3 Numerical result and discussions

A finite element (FE) model has been developed to simulate
the bolted metal-composite hybrid structure subjected to the
heating–cooling–heating cycle, to investigate the cause of the
hysteretic response of thermal stress and reveal the effects of
various structural parameters on the hysteresis.

3.1 Finite elementmodel

The finite element model of the hybrid structure incor-
porating the nonlinearity induced by contact, is shown in
Fig. 5. The metal plate, composite laminate and bolts are
modeled according to the actual geometric dimensions of
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Fig. 2 Schematic of the experimental setup and scheme of thermal loading

Fig. 3 a The environment chamber; b theMTS dynamic data acquisition system; cmultiplex temperature recorder; d specimens and coupons placed
inside the environment chamber before testing

Table 2 Experimental temperatures

Environment name* Target temperature (°C) Tolerance
(°C)

RT 26 ± 2

LTD1 − 25 ± 2

LTD2 − 55 ± 2

ETD1 71 ± 2

ETD2 100 ± 2

*RT � room temperature, LTD � low temperature and dry, ETD �
elevated temperature and dry

the specimens and discretized by using three dimensional
reduced-integration solid elements C3D8R in the software
ABAQUS®. This type of element is employed to reduce the

computational cost. In the direction through the thickness,
there are 8 elements in the metal plate and 24 elements in
the composite laminate. Note that each ply of the laminate is
meshed by a layer of elements, and the orientation of the ply
is prescribed according to the stacking sequence described
in Sect. 2.1. In the plane parallel to the surfaces, a structured
mesh with square elements with the size of 2.38 mm is used
to discretize the region far from the holes, while the element
size on the peripheral of the holes is 0.32 mm (totally 48 ele-
ments around the hole peripheral) and a transition zone exist
between the twomesh densities, as shown by the right bottom
inset in Fig. 5. Each bolt is meshed with a density such that
the element size on its surface is the same with the elements
on the peripheral of the holes in themetal or composite plates,
where they contact potentially. The adopted mesh is chosen
based on the sensitivity studies of the simulation results on
mesh density, as presented in Appendix. Note that there is a
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Fig. 4 Experimental results of the mechanical strain induced by thermal stress at the four gauged sites during the temperature cycle

Fig. 5 Schematic of the finite element model
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gap between the bolt and the screw hole, which is termed as
fastener-hole clearance. Note that the hole diameter on the
specimen is 4.86 mm, while the bolt diameter is 4.80 mm,
resulting in an initial clearance of 0.03 mm between a bolt
and its hole.

The elastic constants for the aluminum alloy, composite
plies and titanium alloy as shown in Table 1 are assigned
to corresponding parts in the FE model. All pairs of sur-
faces that may contact with each other are assigned a contact
property, in which “hard contact” is assumed in the normal
direction and the tangential behavior abides by the Coulomb
friction model with a friction coefficient of 0.1. Each bolt
is assigned an initial clamping force or preload of 3000 N,
and its length is assumed to be fixed in the process of heat-
ing or cooling, leaving the clamping force to evolve. The
preload force is applied to the middle surface of the screw.
When the temperature increases, the bolt should expand, but
due to the choice of fixed bolt length, the preload force is
increased at this time. The opposite is true when the tem-
perature decreases. The specimens are unconstrained in the
experiment, thus in the simulations we eliminate the rigid
bodymotion of themodelwithout any unnecessary constraint
that may bring additional loadings. In the coordinate system
in Fig. 5, all three translational displacements at point A,
the translational displacements in y and z directions at point
B, and the z displacement at point C are constrained. The
simulation is performed in a step of static analysis in which
the whole model is assigned a spatially uniform temperature
field evolving according to the experimental scheme shown
in Fig. 2.

There are other factors that potentially affect the hystere-
sis such as creeping of the constituent materials. However,
creeping is neglected in this work because the stress inside
the composite laminate or metal plate, approximated by elas-
tic modulus times the measured local mechanical strain, is in
the order of 10 MPa, which is too small for creeping to play
a significant role during the timescale of the test. This is also
evidenced by the stability of experimental datawhen the tem-
perature in the chamber is kept. Consequently, the hysteretic
response is mainly attributed to the structural nonlinearities
induced by fastening in the FE model.

3.2 Simulation results

The simulated responses of mechanical strain versus temper-
ature at the four gauged sites in the structure are plotted in
Fig. 6 together with the experimental results. It can be seen
that the hysteretic responses of themechanical strain induced
by thermal stress is reasonably reproduced. The simulated
responses trace hysteretic loops similar to the experimental
ones and exhibit the same trend of lagging when the tem-
perature change switches between heating and cooling. The
hysteresis on the metal side at Sites #1 and #3, is apparently

more significant than that on the composite side at Sites #2
and #4. However, the magnitude of mechanical strain on the
composite side is much higher than that on the metal side,
similar to the experimental observations. The simulated hys-
teresis at Sites #1 and #2 enclose an area of 4520 με °C
and 18,259 με °C, respectively. While the enclosed area at
Site #1 is significantly lower than the experimental value of
8175 με °C, the enclosed area at Site #2 is quite close to the
experimental measurement of 17,645 με °C.

We admit that there are some distinct differences between
the simulated and experimental results, which is not surpris-
ing since it is almost impossible to reproduce everything
in reality accurately in modeling. For example, the material
properties presented in Table 1 are measured at RT but they
may vary as the temperature changes. The contact behavior
defined in the FEmodel is an over-simplified model and may
be completely different from the actual case. In addition, the
assumption that the initial states of the bolts are identical may
also be too ideal. However, it is not our purpose to reproduce
the experiment quantitatively. In the subsequent section, we
will perform more FE analysis to reveal the impacts of vari-
ous structural parameters on thermal stress and demonstrate
that incorporation of the nonlinearities associated with the
fastening, contact, and relative motion of bolts and holes,
successfully explains the hysteresis phenomenon observed
in the experiment.

3.3 Parametric studies

In this section, an attempt is made to study the effects of
several structural parameters on the hysteresis phenomenon
of mechanical strain induced thermal stress in the metal-
composite hybrid structure. The following parameters are
investigated: friction coefficient, clamping force, fastener-
hole clearance and bolt spacing. The “benchmark” values of
these parameters used in theFEanalysis presented inSect. 3.1
are summarized in Table 3. When analyzing the effect of a
particular structural parameter, its value is changed and other
parameters maintain their benchmark values.

(1) Friction coefficient
The configuration of the tested metal-composite hybrid

structure contains many contact pairs, which is expected to
be the major source of nonlinearities when the temperature
changes. The tangential behavior in the contact definition
is assumed to obey the Coulomb friction model, which is
characterized by the friction coefficient μ. In this section,
the influence of the friction coefficient on the mechanical
strain hysteresis phenomenon is studied.
Five typical friction coefficients 0.01, 0.05, 0.1, 0.15, and 0.2
are considered in the FE analysis and the simulation results
are plotted in Fig. 7. Because the mechanical strain on the
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Fig. 6 Comparison of simulation and experimental results

Table 3 Structural parameters

Friction
coefficient

Clamping
force (N)

Fastener-hole
clearance (mm)

Bolt spacing
(mm)

0.1 3000 0.03 95.2

metal side is smaller in magnitude than that on the compos-
ite side, the hysteresis at Sites #1 and #3 is more noticeable.
Let us take the mechanical strain at Site #1 as an exam-
ple. For the friction coefficient μ � 0.01, the mechanical
strain response has an evident plateau under temperatures
between− 15 and 60 °C during either heating or cooling and
becomes almost linear for temperatures above 60 °C or below
− 15 °C, similar to a typical hysteresis of ferroic materials
[21, 22]. Compared to the case with μ � 0.01, the slope of
the mechanical strain-temperature curve increases whenμ �
0.05, and a larger temperature difference is required to enter
the plateau and linear phases. For μ � 0.05, the mechanical
strain-temperature response becomes almost linear when the
temperature is below − 28 °C or above 75 °C. At the same
time, the temperature range corresponding to the plateau con-
tracts. For friction coefficients of 0.1 and higher, the nearly
flat plateaus disappear and the hysteresis loopgradually thins.
The area enclosed by the hysteresis is 688, 2832, 4520, 3429,

and 3037με °C as the friction coefficient increases from 0.01
to 0.20, which displays a non-monotonic tendency.

It is extremely difficult to acquire the actual value of the
friction coefficient and the value 0.1 is selected as the “bench-
mark” value in the FE model in Sect. 3.2 because it produces
a result that is the closest to the experimental one.

Drawing insights from the FE simulations depicted in
Fig. 7, onemay deduce the physical events taking place in the
metal-composite hybrid structure fastened by bolts through-
out the heating–cooling–heating cycle. A bolt tightens the
constituent plates by the clamping force, as well as by fric-
tional forces between the contact pairs, such as those between
the constituent plates and those between a plate and its neigh-
boring nut or bolt head. Nonetheless, these frictional forces
cannot entirely eliminate the relative movement between the
bolt and the hole in the longitudinal direction of the structure.
This movement dominates the shape and magnitude of the
mechanical strain hysteresis caused by thermal stress, a topic
that will be further elaborated in the following.

Figure 8a shows the hysteresis of mechanical strain on
the metal side simulated with friction coefficient μ � 0.01
(see also Fig. 7), together with the variation of the distance
d1 between Point P1 on the peripheral of the leftmost hole
in Fig. 1 and its closest counterpart on the bolt surface, and
a similar distance d2, as depicted in Fig. 8b. This case is
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Fig. 7 Mechanical strain variation with temperature for different friction coefficients

Fig. 8 a The mechanical strain of Site #1 and the fastener-hole distances d1 and d2; b the interested points and the definition of the distances

selected to study in detail because it is representative as such
a small friction coefficient facilitates sliding between the con-
tact pairs, as well as the relative movement of the bolt and
hole. In the FE model, the nominal diameters of the bolt and
the hole are 4.80 mm and 4.86 mm, resultantly d1 � d2 �
0.03 mm in the initial state. After the initial clamping force
is applied, d1 and d2 become 0.027 mm at bullet 0 due to
Poisson’s effect. As the temperature rises from bullet 0 to
➁, the mechanical strain increases and gradually enters a
plateau about 8.32 με, while the distance d1 keeps growing
and d2 keeps dropping, which indicates that the bolt is mov-
ing inside the hole towards Point P2. The upper plateau has
a rather small slope of 0.0935 με/°C.

The bolt comes into contact with the hole near➁where d2
is nearly zero, after which the slope of the mechanical strain-
temperature curve becomes steep and the increase of d1 slows
down. After bullet ➂, the behavior of the structure becomes
essentially thermoelastic, evidenced by reversibility of the
responses of d1, d2 and the mechanical strain during heating
along ➂➃ and those during the initial stage of cooling (➃➄).
One should note that only two points are monitored here and
the fact d2 reaches zero at ➁ does not mean the bolt and the
hole get into full contact immediately. Actually the contact
area continues spreading after ➁ and saturates around ➂.
The cooling process from ➄ to ➅ produces the responses of
mechanical strain and distance d1 that exhibit lagging from
those in the same temperature range during heating (➁➂).
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This is because, during this process, the components of the
structure exhibit a state of motion opposite to that during
➁➂, leading to a switch in the direction of internal frictional
forces and consequently a lag of response.

Frombullet➅, the distance d2 starts to grow from zero and
d1 continues declining, which means that the bolt detaches
from Point P2 and begins to move towards P1, while the
mechanical strain response softens further and enters a lower
plateau about − 5.66 με around bullet ➆. The relative move-
ment of the bolt goes on as the mechanical strain traces the
lower plateau. The slope of the lower plateau (0.0436με/°C)
is also very small. The bolt movement stops again at bul-
let ➇, where d1 reaches zero and Point P1 gets into contact
with the bolt surface. The subsequent process from ➇ to ©13 is
similar to ➁–➆. It involves thermoelastic cooling and heat-
ing along ➈–➉–©11 , as well as the difference between the
responses along ➇➈ and ©11 ©12 due to the switch of friction
direction. At the end of the cycle (bullet ©13 ), the mechanical
strain has returned to the upper plateau. Overall, the whole
cycle can be divided into two types of regimes, as shown in
Fig. 8a. Regime I is associated with the relative movement
between the bolts and holes, and Regime II is thermoelastic
as the bolts and holes maintain full contact.

Let us return to the effect of friction coefficientμ shown in
Fig. 7. When the friction coefficient μ increases, it becomes
more difficult for the bolts to move inside the holes, a trend
can be observed that this boltmovement demands largermag-
nitude of temperature change (ofRegime I) to drive. Regime I
covers approximately the temperature range [− 18 °C, 74 °C]
for μ � 0.01 and [− 40 °C, 88 °C] for μ � 0.05. As μ rises
further to 0.10, 0.15, and 0.20, the upper limit for the tem-
perature range of Regime I exceeds 100 °C and the lower
limit drops to − 49 °C for μ � 0.10 and some values below
− 55 °C for μ � 0.15 and 0.20, which indicates that Regime
II at high temperature is not reached for the three cases and
Regime II at low temperature is out of the tested range for
μ � 0.20. The disapperance of Regime II implies that the
bolts do not come into full contact with the holes. One may
also notice the second trend that widening of the tempera-
ture range of Regime I is associated with more significant
variation of the mechanical strain magnitude. The slope of
the mechanical response grows as the friction coefficient μ

becomes larger. It is within expectation because higher ther-
mal stress is generated to overcome the higher frictions. In
addition, both the upper and lower plateaus narrow down and
even disappear with the increase of friction coefficient.

The hysteretic responses of the mechanical strain
induced by thermal stress look similar to the elec-
trical/magnetic/mechanical hysteresis loops of ferroelec-
tric/ferromagnetic/ferroelastic materials subjected to cyclic
driving forces. For the metal-composite hybrid structure
studied in this paper, the nonlinearities related to the relative
movement between bolts and holes, the contact and friction

on the contacting surfaces play a role analogous to the spon-
taneous polarization/magnetization/phase transformation in
ferroic materials that are responsible for the hysteresis.

(2) Clamping force
In the assembly process of a specimen, a torque was

applied to fasten thebolts, causing a force inside eachbolt that
clamps the metal plate and the composite laminate tightly.
The magnitude of clamping force certainly affects the inter-
actions between the constituent parts in the hybrid structure.
In this section, we consider five values of clamping forces:
4500 N, 3500 N, 3000 N, 2500 N, and 1500 N, in which
3000 N is the designed clamping force in the actual struc-
ture. The results of FE simulations using these values are
shown in Fig. 9. Let us take Site #1 as an example. The
calculated mechanical strain-temperature responses clearly
exhibit similar trends to the effects of increasing friction coef-
ficient shown in Fig. 7, includingwidening of the temperature
range of Regime I and diminishing of Regime II, as well as
the non-monotonic change of enclosed area.

(3) Fastener-hole clearance
The size of the fastener-hole clearance δ, which is equal

to d1 or d2 in the unfastened state in Fig. 8b, directly affects
the contact relationship between the bolts and holes. As
described before, the benchmark value of δ is 0.03mm.Addi-
tional FE models of the metal-composite hybrid structure
with bolt diameters of 4.60, 4.76, 4.84, and 4.86 mm are
established while the hole diameter is kept at 4.86 mm and
consequently the additional models have fastener-hole clear-
ances of 0.13, 0.05, 0.01, and 0.00 mm, correspondingly.

The results of the FE simulations with variation of the
fastener-hole clearance are shown in Fig. 10. In the range
of 0–0.03 mm, the fastener-hole clearance has a signifi-
cant impact on the hysteresis phenomenon. For fastener-hole
clearances of 0.00, 0.01, and 0.03 mm, the area enclosed
by the mechanical strain hysteresis at Site #1 consistently
increase with the increment of clearance, starting from
610 με °C. In this range, as the fastener-hole clearance
increases, the hysteretic curve of the mechanical strain
induced by thermal stress widens. One should note that for
zero clearance, the mechanical strain still exhibits a hystere-
sis, although rather slender, since the contact area between
bolts and holes may grow and decay due to deformations.

For fastener-hole clearances of 0.05 and 0.13 mm, the
enclosed area at Site #1 is 4135 and 4033 με °C and more
importantly, the hysteretic responses simulated by these two
values of clearance are essentially identical. It indicates that,
the hysteresis on the metal side has saturated and further
elevating the fastener-hole clearance would no longer influ-
ence the hysteresis. According to the insights provided by
the discussions of bolt movement, it can be inferred that the
fastener-hole clearances of 0.05 and 0.13 mm are larger than
the space in which the bolt moves through and therefore the
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Fig. 9 Mechanical strain variation with temperature for different clamping force in specimen

screw of the bolt does not come into contact with the bolt at
all in the whole cycle.

(4) Bolt spacing
For multi-bolted structures, the bolt spacing, denoted as

L, is a structural factor that may influence the stiffness, strain
distribution, and load distribution and transmission of the
structure. Therefore, we consider five different bolt spacings,
i.e., 105, 100, 95.2, 90 and 85 mm. Note that 95.2 mm corre-
sponds to the specimens that underwent testing. The results of
the FE simulations with these bolt spacing values are shown
in Fig. 11. The area enclosed by the mechanical strain hys-
teresis at Site #1 decreases from 4603 to 4164 με °C as the
bolt spacing increases from 85 to 105 mm. A trend can be
observed that the hysteresis becomes a little more obvious as
the bolt spacing decreases. Nevertheless, the influence of bolt
spacing on the hysteresis is quite slight, which is attributed
to the facts that the bolt movement is a localized event con-
strained inside the hole, whereas the studied values of bolt
spacing are all much larger than the hole diameter. The effect
of bolt spacing may be more evident if it is comparable to
the hole diameter but this is out of the scope of our paper and
will be addressed in future work.

4 Conclusion

In this article, themechanical strain induced by thermal stress
in a type of bolt-fastened metal-composite hybrid structure
subjected to a heating–cooling–heating cycle was tested.

During the experiment, it was found that the mechanical
strain exhibited a hysteresis during the temperature cycle.
Afterwards, finite element simulations were implemented
and the hysteresis was successfully reproduced. In addi-
tion, the effects of structural parameters such as friction
coefficient, clamping force, fastener-hole clearance and bolt
spacing on the hysteretic response of thermal stress were
revealed.

It can be speculated from the experimental and numer-
ical studies that the relative movement of bolts inside the
surrounding holes, together with the contact and friction on
the contacting surfaces, are responsible for the hysteresis
of thermal stress. The combination of structural parame-
ters that raises the resistance of bolt movement moderately,
e.g., higher friction coefficient or larger clamping force,
would broaden the temperature range of the hysteretic regime
(or nonlinear phase) during which the heating and cooling
responses have a lag and enhances the magnitude of thermal
stress. If the bolt movement is overly constrained, such as by
extremely high friction coefficient or extremely large clamp-
ing force or nearly zero clearance, the mechanical strain
induced by thermal stress would degrade to essentially linear
responses.

The reported work measured the evolution of mechanical
strain induced by thermal stress in hybrid structures which
are widely used in aerospace and potentially other industries
and attempted to provide physical insights on the observed
hysteretic response of thermal stress by numerous finite ele-
ment simulations. The results are helpful for further studies
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Fig. 10 Mechanical strain variation with temperature for different fastener-hole clearances

Fig. 11 Mechanical strain variation with temperature for different bolt spacing in specimen
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Fig. 12 Mesh density diagram of specimen

Fig. 13 Comparison of simulation results using the three mesh densities characterized by uniform 24, 48 and 64 elements on the hole peripherals

on the safety of hybrid structures subjected to cyclic thermo-
mechanical loads.

Appendix: Mesh sensitivity study

Three mesh densities were employed to run FE simulations
to investigate the sensitivity of the simulation results on the
mesh. The three meshes have uniformly 24, 48 and 64 ele-
ments on hole peripherals, and accordingly there are 6, 12
and 16 elements along the width of the plates in the rectan-
gular regions outside the vicinity of the holes, as shown in
Fig. 12, in which the meshes of the bolt correspondent to the
three densities are also plotted.

The FE simulations results using the three mesh densi-
ties described above are shown in Fig. 13. It is found that
as the mesh is refined from 24 to 48 elements on the hole

peripherals, the hysteresis has a significant change but fur-
ther refinement of the mesh density to 64 elements on the
hole peripherals does not bring discernible improvement of
the predictions. Thus, the mesh density with 48 elements on
the hole peripherals is selected to serve the FE simulations
presented in the paper.
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