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Abstract

Carbon fiber-reinforced polymer (CFRP) composite joint structures based on interference fit exhibit superior mechanical
properties compared to equivalent joint geometries utilizing clearance fits. The present research investigates the mechanical
properties and failure mechanism of CFRP interference-fit joints subject to long-term exposure to low temperatures. A series
of studies were designed to examine with interference-fit sizes ranging from 0 to 2.11%, subjected to temperatures between
—60 and 20 °C, and aging periods from 0 to 18 months. Tensile tests were conducted on these samples. Using a microscale
analysis, three-dimensional representative volume elements (3D-RVEs) models were constructed to analyze the internal state,
distribution of thermal residual stress, and damage initiation mechanism of CFRP subjected to low-temperature exposure. The
results show that the strength and stiffness of the CFRP joints initially increase, reach a peak, and subsequently decrease with
an increase in either the interference-fit size or aging time. The strength and stiffness of the considered geometries exhibit
an approximately linear increase with decreasing temperature. Inside the CFRP, exposure to low temperatures causes the
formation of thermal residual stress, which is particularly high in areas with closely spaced fibers. Short-term low tempera-
ture enhances the bonding force between the fiber and matrix, thereby improving the mechanical properties of the CFRP
interference-fit joint structures. Following prolonged exposure to low temperatures, the debonding cracks formation increase
in regions with concentrated residual stress, thereby decreasing the strength and stiffness of the structure.

Keywords Long-term low-temperature exposure - Interference-fit - Thermal residual stress - Crack propagation - Damage
mechanism

1 Introduction

Due to their low weight, high specific strength, high spe-
cific stiffness, corrosion resistance, and fatigue resistance,
carbon fiber-reinforced polymer (CFRP) composites joints
are widely utilized in the fields of aviation, railway, automo-
54 Jian Li tive, and civil engineering [1, 2]. However, one of the sig-
leejian@lyun.edu.cn nificant environmental factors that frequently affect CFRPs
during their service life is low temperatures. Specifically,
CFRP joints used in applications related to high-altitude
flight, alpine environments, and winter conditions at high
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China perature environments. Consequently, the performance of
CFRP joints is influenced by the behavior of CFRPs at low
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Currently, research on the mechanical properties of
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strength of the composite material is significantly enhanced
compared to its strength at room temperature [5]. However,
due to the different thermal expansion coefficients of the
epoxy (EP) resins and fibers in CFRPs, debonding at the
interface between the matrix and the fibers can occur, result-
ing in the formation of interfacial microcracks that affect the
mechanical properties of the composite material [6, 7]. Lim-
ited research is available on the mechanical characteristics of
CFRP in the temperature range from 0 to — 60 °C. The bend-
ing characteristics of CFRPs were investigated by Zaoutsos
et al. [8] for materials exposed to a temperature of —40 °C
for various time periods (30, 45, and 60 days). This work
examined the impact of freezing cycles on the mechanical
properties. Wilson et al. [9] demonstrated that in the tem-
perature from O to —80 °C, the internal stress of the mate-
rial increases, causing the formation of microcracks in the
carbon fiber (CF)/EP composite laminates. It was found by
Dutta et al. [10] that, while the tensile strength of glass fiber
composites was improved in —40 °C and — 60 °C, the crack
propagation that occurred during thermal cycling resulted
in a considerable reduction in the mechanical behavior of
the material by long-term low-temperature exposure. The
mechanical properties of fiber-reinforced resin matrix com-
posites under exposure to low temperatures were investi-
gated by Takeda et al. [11, 12]. A microscale analysis was
employed to investigate the accumulation of damage occur-
ring at low temperatures and the failure mechanism of the
composites. Furthermore, numerical modeling techniques
have been utilized to examine the distribution of residual
stress in composite materials subsequent to low-temperature
exposure [13-17]. Qi Wu et al. [18-20] undertook finite ele-
ment (FE) simulations using representative random models
and large-scale parallel computing; this work simulated the
formation of residual stresses based on the mesoscopic scale.
Solati et al. [21-23] have made noteworthy contributions to
the understanding of bearing response and damage mecha-
nisms in FRP composites and their joints. Through a com-
bination of experimental investigations and finite element
analysis, they have uncovered crucial information regarding
surface quality, mechanical properties, and failure models
of FRP materials. These findings provide valuable insights
for the simulation analysis of FRP materials. Combining
experimental and FE techniques, Li et al. [24] created a RVE
model with random fiber distribution. They investigated the
transverse tensile properties of composites exposed to low
temperatures.

Nowadays, the research focus on the low-temperature
characteristics of CFRPs primarily revolves around evalu-
ating their performance at specific low temperatures, with
a particular emphasis on CFRP laminates. However, there
is limited work on the long-term performance of CFRP
subjected to a range of low-temperature conditions; little
work exists in the literature investigating the behavior of
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interference-fit joints. Existing research indicates that the
use of interference fits can improve the mechanical proper-
ties of the connector [25-28]. The mechanical performance
of CFRP interference-fit joints is affected by long-term
exposure to a low-temperature environments. Given the
widespread use of CFRPs, conducting an in-depth investi-
gation into the effect of low temperatures on this material
and its joints is essential. Therefore, it is crucial to exam-
ine the mechanical characteristics and damage process of
interference-fit geometries in CFRP joints that are exposed
to low temperatures over an extended period of time.

In this paper, we investigated the tensile mechanical prop-
erties of CFRPs interference-fit joints that were subjected
to long-term exposure to low-temperature environments by
simulating the low-temperature environment in the labora-
tory. To achieve this, three-dimensional multiphase micro-
scale models of CFRP material were created using FE analy-
sis software, and the models were employed to examine the
internal mechanical response and damage behavior of the
fiber/matrix composite in a low-temperature environment.

Moreover, we aim to elucidate the evolution of the
mechanical properties and the failure mechanism of CFRP
joints. This study plays a critical role in ensuring the dura-
bility and safety of interference joints in CFRPs exposed to
low temperatures.

2 Experimental methodology
2.1 Specimen preparation

The CFRP composite laminates investigated in this study
were fabricated using the vacuum bag molding process.
CF prepreg (T700) with a thickness of 0.2 mm per ply was
employed as the reinforcement; while polyester resin 9916
was served as the matrix. The composites were constructed
with a layup configuration of [0°/+45°/90°],,, resulting in
the finished laminates with a thickness of 3.2 mm and com-
posed of 16 plies. The laminate exhibited a fiber volume
content of 65%.

The CFRP laminates were cut into rectangle specimens,
and holes were drilled in the specimen using a computer
numerical control (CNC) machine. The dimensions of the
specimens are shown in Fig. 1. A coated four-blade dagger
drill specifically designed for use with composite materials
was utilized to obtain holes with diameters of 6.35 mm. The
machining accuracy was to within+0.004 mm. Two CFRP
specimens were stacked and fastened together prior to the
drilling procedure to prevent relative motion between the
two specimens. The stacked drilling technique was used to
ensure consistency between the top and lower plate aper-
tures. The bolts were Ti-alloy Hi-Lok fasteners (provide by
Oriental Bluesky Titanium Technology Co., Ltd, China)
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Fig. 1 Geometry and configuration of the CFRP interference-fit joint (unit: mm)

produced with a machining precision of less than+0.01 mm.
Prior research has demonstrated that interference-fit joints
benefit from the application of a 4 Nm torque to increase
tensile strength [26]. Thus, the nuts and flats were prepared
individually to replace the original nuts, and a torque wrench
was used to increase the torque applied to each connector
to 4 Nm (compared with 2.36 Nm that was applied to the
original nuts). The diameters of the shank of the bolts were
intended to be 6.4 and 6.5 mm. The diameters of each hole
and bolt shank were measured, so the proper interference fit
sizes were achieved by size calculation. Then, the matching
of hole—shank diameters was performed so that the speci-
mens could be assembled utilizing the appropriate interfer-
ence-fit sizes: 0.54%, 0.74%, 1.15%, 1.64%, and 2.11%.

2.2 Mechanical testing

To study the effect of long-term exposure of CFRP interfer-
ence joints to low temperatures, we examined the perfor-
mance of various specimens at temperatures of 20 °C, 0 °C,
—20 °C, —40 °C, and — 60 °C, along with exposure times
of 0, 1, 6, 12, and 18 months. The test pieces were placed in
a series of test chambers set to different temperatures (the
temperature range achievable in the test chamber is — 60 °C
to 150 °C, the temperature fluctuation is< +0.5 °C, and
the temperature deviation is < +3 °C). The cooling rate
used here was 2 °C/min. When the temperature reached
the desired value, the temperature was held for the duration
specified in Table 1; the number of specimens used in each
group was not less than 3.

The test pieces were removed from the long-term low-
temperature treatment and left to reach ambient temperature
(20 °C) naturally. Tensile tests were then undertaken on the

A
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4
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o
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- >
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Table 1 Test conditions for each test group
No. Temperature/C Time/m Interference-fit
A-1 20 12 1.15%
A-2 0 12 1.15%
A-3 -20 12 1.15%
A-4 -40 12 1.15%
A-5 -60 12 1.15%
B-1 -60 12 Clearance fit
B-2 -60 12 0.54%
B-3 -60 12 1.15%
B-4 -60 12 1.64%
B-5 -60 12 2.11%
B-1 -40 0 0.74%
B-2 -40 0.74%
B-3 -40 6 0.74%
B-4 —-40 0.74%
B-5 —40 0.74%
B-6 —40 1.64%
B-7 —40 1 1.64%
B-8 —40 6 1.64%
B-9 —40 1.64%
B-10 —40 8 1.64%
B-11 —40 0 2.11%
B-12 —40 1 2.11%
B-13 —40 6 2.11%
B-14 —40 12 2.11%
B-15 —40 18 2.11%
C-1 (90° ply) —40 1 1.15%
C-2 (0° ply) —40 1 1.15%
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test pieces using a INSTRON universal testing machine.
During the tensile loading, the samples were loaded using
a displacement control technique at the rate of 1.5 mm/min.
A displacement extensometer was placed on the sample and
bearing tests were performed according to ASTM D5961
standard, as shown in Fig. 1.

3 Numerical simulations

Directly evaluate the change in thermal residual stress and
the damage initiation behavior of CFRP samples during ten-
sile process after exposure to low temperatures is difficult.
Therefore, it is therefore necessary to perform numerical
simulations on a microscopic scale to evaluate the residual
stress distribution within a CFRP part subject to low-temper-
ature environments. However, for accurately depicting the
micromechanical response of CFRPs, however, it is neces-
sary to consider the random nature of the fiber distribution
within the material, the fiber volume fraction, the number of
fibers in a RVE, and the minimum model size.

The thermal residual stress and tensile failure behavior
of the CFRP composites after low-temperature exposure
were simulated using the commercial FE analysis program
ABAQUS/Explicit 2022. A three-dimensional RVE model
can be utilized to analyze these behaviors of the samples
after being exposure to low temperatures. For the low-
temperature thermal residual stress, the 3D-RVE model is
established in the simulation initially, and a transient thermal
analysis step is then set up to calculate the thermal residual
stress generated inside the CFRP micro-model from room
temperature to — 40 °C. Subsequently, the thermal residual
stress field was used as the initial state of the RVEs model
for the tensile damage analysis at low temperature. The
VUMAT subroutine was used to model the accumulation
of damage within the fibers and matrix. A vertical tensile
load was then applied to the RVE model to evaluate of the
damage post-loading.

3.1 Description of the 3D RVE model

We utilized a combined continuum—discrete three-dimen-
sional microscale FE model with fiber, matrix, and cohe-
sive elements at the fiber—matrix interface to investigate the
mechanical response of the CFRP samples after low-tem-
perature exposure. Specifically, we investigated the damage
initiation and damage propagation behavior of the material.
Traditionally, generating a three-dimensional RVE model
that meets the necessary criteria for evaluation in ABAQUS
requires manual design. However, in this work, it was neces-
sary to model a large number of fibers and consider the ran-
dom distribution of fibers, as well as high fiber volume frac-
tions. To address these requirements, Python was employed
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to automatically generate a suitable three-dimensional RVE
model. Furthermore, periodic boundary conditions were
implemented within the RVE model to accurately capture
the behavior of the CFRP.

The residual stress analysis is mainly related to scalars
such as the thermal expansion coefficients of fibers and
matrix in the RVE model, and it is independent of the fiber
orientation angle. Therefore, in this paper, only the 90° ply
is analyzed for thermal residual stresses. On the other hand,
during the loading process, the micro-damage in the RVE
model is related to the loading direction, fiber orientation
angle, and other factors. As a result, subsequent analyses of
the RVE model with different fiber orientation angles are
conducted in the subsequent micro-damage process.

Figure 2 shows the 3D RVE model used in ABAQUS
(the CFs are represented by cylinders). The fiber volume
fraction in the modeled material is 65%, the fiber radius is
7 pm. In order to analyze the failure modes of different lay-
ers and reduce the calculation of the models, two sizes of
RVE:s are established. The dimensions of the 3D RVE are
150% 15020 pm and 200 X 100X 30 pm. The EP matrix is
distributed around the fiber, and an interface layer is defined
between the matrix and the fiber. Solid elements C3D8R
(8-node linear hexahedron element with enhanced hourglass
control reduced integration) in a three-dimensional stress
state are used to model both the CF and resin matrix, and
the fiber—matrix interface modeled using zero-thickness
cohesive elements that shares the existing nodes defined by
the mesh used to define the fiber and matrix elements. An
element mesh size of 0.7 pm is defined for the global seed
layout to improve the calculation accuracy.

83400 15.0kV 9.5mm x1.00k SE

Fig.2 Partial scanning electron microscope (SEM) image and
3D-RVEs model of the CFRP
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Because CFRP has the weakest bearing capacity in the
direction perpendicular to the fiber, the cracks initially
occurred in the plyer that fiber was oriented at 90° to the
direction of the applied tension loading. As the imposed
displacement increased (applying tension to the sample), the
crack propagated toward the interlayer, causing delamination
and, eventually, failure.

The mechanical interaction between the shank of the
bolt and the workpiece is modeled using a “penalty con-
tact” approach considering Coulomb friction. The penalty
contact is applied to all the elements within the workpiece
to prevent inter-element penetration, which, by default, is
not taken into account before element deletion. The coef-
ficients of friction between the bolt shank and the RVE, and
between the fiber and the matrix, are set to be 0.2 [29] and
0.5 [30], respectively.

3.2 Materials model
3.2.1 Continuum damage model for CF and EP matrix

The CF is assumed to be a linearly elastic and transversely
isotropic material in this model. When the elemental stress
exceeds the defined strength in a given direction, the CF will
experience fails. This simplifies the modeling process and
accurately describes the experimentally reported mechanism
of fiber fracture [31, 32].

In this paper, the maximum stress failure criterion was
adopted, and the criteria are described in Table 2.

In the case of elements representing the CF, when the
elemental stress ¢,; within an element reaches the tensile
strength (defined as X)), the value of the damage variable d’:l
is set to unity, representing the maximally damaged state.
When this condition is met, 6, is reduced to zero instan-
taneously, and the corresponding element is deleted. This
behavior is applied to all elements representing the fibers.
The compression failure is assumed to be more sudden to
reduce the computing time.

To simulate the mechanical response of the CFRP in a
low-temperature environment, it is also essential to define
the mechanical properties of the material, including material
density, thermal expansion coefficient, strength, modulus,
and Poisson’s ratio. The material properties utilized here are
shown in Table 3. The constitutive behavior of the EP matrix
is assumed to be isotropic and elastoplastic. The predefined
Johnson—Cook constitutive model is employed to describe
the yielding behavior of the matrix; this model is described
in Table 3.

The thermal expansion coefficients of the fiber and the
resin are different; this affects the mechanical properties of
the matrix [33]. We note that because the material proper-
ties of polyester EP resin 9916 used here are not available
in the literature, we model this resin using the parameters
that describe a resin with similar properties (EP resin E-51).

3.2.2 Discrete damage model for the fiber-matrix interface

The interface between fiber and matrix is modeled using
zero-thickness cohesive elements (COH3D8), and the behav-
ior of the elements is defined by a traction—separation law.
The initial response is assumed to be linear, with the slope
representing the elastic stiffness (K =10 N/mm?). A high
value of K is used in all three directions to prevent penetra-
tion of the interfaces. The constitutive relation for pure ten-
sion (mode I) or pure shear loading (mode II) is presented
in Fig. 3 [34].
Cohesive damage is assumed to initiate when

AN +(% 2 +(k 2 =1 1
a) ") ") = v
Mixed-mode, progressive damage is defined based on

the interaction of the fracture energies using the Benzeg-
gagh—Kenane fracture criterion [35], which is defined by,

G, +G n
G+ (GE -G —2—"2—) =¢¢
B St boewewe )

where 7 is a mixed-mode parameter.

Table 2 Control criterion for
the initiation of damage

Maximum stress criterion

Described formulation

Tensile loading in longitudinal direction dfl =0,,/X,0,, 20

Compressive loading in longitudinal direction
Tensile loading in transverse direction

Compressive loading in transverse direction

Shear loading in plane

Shear loading out of plane

t

;

d,] = |'711/Xc
f .

d, = azz/Y,,df} =033/Y;05 200r033 20

déz = )Uzz/Yc,dgg =oy/Y.

,0; <0

309 <0oros; <0

dilZ = |12/5]
d.}:zs = max(|113/S|, |'[23/S|)

@ Springer



602 Page6of18

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:602

Table 3 The thermal/mechanical properties of the CFRP

Material Property

Values

T700 fiber Elastic constants

Tensile strength

Compressive strength

Shear strength

Thermal expansion coefficient
Elastic constants

Yield strength

Johnson—Cook Parameters

Epoxy resin E-51

Thermal expansion coefficient

E,, =230 GPa, E,, = E;; = 14 GPa,

Vip = Vo = 0.2,v,3 = 0.25,

Gy, = G35 =24 GPa, G; = 5.5 GPa,

Xt=4620 MPa, Yt=1500 MPa

Xc=3960 MPa, Yc=3340 MPa

S=1500 MPa

Uai = —3.8¢77m/mK, pq = 7€~ m/mK
E.,=3GPa, E =44GPa,y, =035,G,, = 1.1 GPa
0';’{’) =120 MPa

A=120 MPa, B=654.18 MPa, n=0.772, c=0.124, m=0.304
U, = 1.24e=* m/mK

Interface Fracture energy G¢ = 0.1 N/mm, G§ = 0.002 N/'mm,GS = G§ = 0.006 N/mm

Normal strength t,=50 MPa

Shear strength t,=75 MPa

Elastic stiffness K=100,000 N/mm>

Mixed-mode parameter n=145
Fig.3 The traction—separation (a) (b)
response of a zero-thickness z, 142, A
cohesive element: the response
of the element to a normal load- @) | i
ing and b shear loading

/| k(1-D)
-85 -85 L L
’ 5@ s/ >5

G (Gy)

4 Results and discussion
4.1 Effect of exposure to low temperatures

On a macroscopic scale, the types of failure observed in
the specimens exposed to various low temperatures are
similar to those observed at ambient temperature (fiber
and matrix fracture as well as delamination); however, the
displacements in the joint area differed between the two
sets of samples subject to given load, as shown in Fig. 4.

The microscopic failure of the joints did not change
significantly due to the low-temperature environment in
the experiment, which primarily induces physical changes
[36]. We note that it has been established that ultra-low
temperatures can damage the molecular structure of the
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Fig.4 Failure morphology of tensile test specimens subject to differ-
ent temperatures
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resin matrix. The displacement of the shank-hole in the
bolted joint decreases when subject to low temperatures,
which means the stiffness of the bolted joint increases in
this regime.

4.1.1 Interference fits

Due to the difference in thermal expansion coefficients of
the fibers and the resin matrix, thermal residual stresses are
induced in the material when the temperature of the sam-
ple is varied. These residual stresses can affect the stress
transmission between the fibers and matrix when the CFRP
interference-fit bolted joint is loaded, thereby impacting the
overall mechanical properties of the structure.

Figure 5 presents the load—displacement curves of the
CFRP single lap interference-fit bolted joints under ten-
sion after a 12-month exposure to temperatures of —40 °C
with different interference-fit geometries. As illustrated in
Fig. 5a, there is a “sliding stage” is observed in the case of

(a)
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800 - ===
& 700 /
=1
g J
Th 600
5
= 500+
"
2
= 400"
5
=300 ——— Clearancec fit
, —— 1=0.54%
047 ' —— I=1.15%
100 4 E\ l.lllleill’ Slag?l — J=1.64%
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4 4
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2
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Fig.5 The variation of the strength and stiffness of CFRP bolted joint
for different interference-fit sizes after a 12-months exposure to low
temperatures: a A typical load—displacement curve, b ultimate tensile

the clearance-fit bolted joint, where the bolt slips within the
hole when the tensile load surpasses the friction generated
by the preload. This occurs because the bolt slips in the hole
when the tensile load exceeds the friction created by the
preload. The interference-fit bolted joint enters a “transition
stage”, primarily due to the buckling fracture behavior of
some of the fibers in the region close to the interference fit,
resulting in a significant change in the slope of the tensile
curve during the loading process. This regime demonstrates
a decrease in the stiffness of the structure. Figure 5b shows
the ultimate tensile strength of the interference-fit joints
designed with different interference sizes at low tempera-
tures. The ultimate tensile strength exhibits a peak at a spe-
cific interference-fit size. In this work, the maximum tensile
strength was observed for an interference-fit size of 1.64%.

The stiffness of the interference-fit joint will also be
affected by long-term exposure to low temperatures. The
stiffness of the interference-fit joint is calculated here using
a displacement extensometer. As shown in Fig. 5c, the

900 4
1.64%
880
£ 860
S |—®— Average value
= 840+
2
g 820 2.11%
@
@ 800
7
3 R0+
]
g 760
S 7404 1
7204 Clearance-fit
700 T T T T T T 1
-1.0 0.5 0.0 0.5 1.0 15 2.0 25
Interference-fit size, %
20000 - 5
k;,=exp(9.098+0.956i,-0.309i;)
------- L N
18000 | \ P -
. l" ) L]
16000
E P ‘ = Avcrage stiffness #1
Z 140004 g eeeees Exponential fitting #1
4 ‘ ®  Average stiffness #2
é 12000 Exponential fitting #2
2
10000 g
- T """ @ RRTEAL -e
go004 .- s
. k,y=exp(8.675+0.6231,-0.19212)
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Interference size, %

strength for different interference-fit sizes, c typical stiffness curves,
and d fitting of stiffness data
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gradient of the load—displacement curve for the interference-
fit joints changes during the tensile loading process. This
change allows us to define two regimes, namely, the initial
stage (referred to here as the interference-fit stage or S1) and
the second stage (here, referred to as the non-interference
fit stage or S2). These stages are separated by a “transition
stage”. The gradient observed in S1 is significantly larger
than that observed in S2. Figure 5d shows the stiffness
change and the fitting of the stiffness curves describing the
behavior of the joints after long-term low-temperature expo-
sure. It can be observed that the stiffness in the interference-
fit stage is larger than that observed in the non-interference
stage, and with increasing interference-fit size, the stiffness
first increases and then decreases.

The equivalent stiffness is used for calculating the stiff-
ness of the bolted joint in engineering, which considers the
coordination between the bolt and plate stiffnesses. How-
ever, in the engineering design process, a safety factor of 1.5
is typically applied to the bolted joint in the case of “load
and pre-tightening”. According to the standard calculations,
the allowable stress of the bolted joint occurs during the S1
stage. Therefore, calculating the equivalent stiffness has little
significance. As a result, we focus on the stiffness of the S1
regime and derive an expression to calculate the stiffness of
interference-fit joints through nonlinear fitting of the data
obtained from samples exposed to long-term low tempera-
tures; this expression is given by,

ki = exp(9.098 + 0.956i, — 0.309i7) &)

where i is the interference-fit size.

4.1.2 Temperature

The temperature has an impact on the mechanical proper-
ties of CFRP interference-fit bolted joints. As the tempera-
ture decreases, the resin matrix within the CFRP undergoes
shrinkage, leading to increased intermolecular bonding
forces, and stronger bonding at the resin-fiber interface. Con-
sequently, the tensile strength of the CFRP material steadily
increases. This observation aligns with previous literature
findings where bolted joints with an interference-fit size of
around 1% ~ 1.5% demonstrate excellent mechanical proper-
ties [23]. In this study, we specifically examine the effects of
exposures to different temperatures on the specimens with an
interference-fit size of 1.15% within the temperatures range
of 20 °C to — 60 °C. Figure 6 illustrates the mechanical prop-
erties of the interference joint after 12 months of low-tem-
perature exposure. The ultimate tensile strength gradually
increases and follows a roughly linear trend as the tempera-
ture decreases, as shown in Fig. 6a, b. However, the ultimate
strength remains constant over long-term low-temperature
exposure. Notably, the ultimate tensile strength at — 60 °C is
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7.3% higher than at 20 °C. This enhancement is attributed
to the potential formation of microcracks at the fiber-matrix
interface in areas experiencing significant thermal residual
stress due to long-term low-temperature exposure. The linear
fitting equation for the strength of an interference bolted
joint at different temperatures is as follows:

S =824.7—0.783¢ @)

where ¢ is the temperature.

Figure 6¢, d shows the evolution of the stiffness of the
CFRP as a result of exposure to different temperatures. In
the case of various long-term low-temperature treatments, a
“transition stage” emerges due to the material and interfer-
ence-fit characteristics. The stiffness of a CFRP interference-
fit bolted joint can also be divided into two parts, namely S1
and S2. The decline in stiffness resulting from temperature
follows an approximately linear trend. Notably, the stiff-
ness of the structure within the S1 regime exhibited a 33%
increase as temperature decreased to — 60°C over 12-months
period (see Fig. 6d). Conversely, the stiffness of the structure
within the S2 regime increased by 12.8%. This observation
suggests that the impact of low-temperature exposure on
stiffness is more pronounced compared to its effect on the
strength of the interference joint. Through linear fitting, we
obtained an expression for the stiffness of the component in
the S1 regime:

k, = 19451.6 — 82.1z. )

4.1.3 Aging time

The duration of the exposure to low temperatures also has
an impact on the mechanical properties of the CFRP and
the joint. Figure 7 illustrates the variations in the tensile
strength and stiffness of the CFRP interference-fit bolted
joint after being subjected to temperatures of —40 °C for
different lengths of time. Figure 7a displays the load—dis-
placement curve following various durations of low-tem-
perature treatment. The tensile strength initially increases
and subsequently decreases over time. Figure 7b presents
the ultimate tensile strength of the joints in relation to time
and interference-fit sizes. It is evident that the ultimate ten-
sile strength undergoes significant variations within the
first 6 months and gradually diminishes over time. Notably,
the specimens exhibit the most rapid increase in strength
after the first month of exposure to low temperatures. This
observed strength increase can be attributed to the shrinkage
of the matrix resin and enhanced intermolecular interactions
occurring at low temperatures, which improve the bonding
between the resin and fibers and effectively enhance the
strength of the fibers. Conversely, the subsequent strength
decrease is caused by the differential thermal expansion
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Fig.6 Tensile behavior of CFFP interference-fit bolted joints after exposure to low temperatures for 12 months

coefficients between the fibers and the resin matrix. Conse-
quently, after an extended period of low-temperature expo-
sure, the deformation of the resin and the fibers becomes
non-identical. The shrinkage stress generated by the resin's
resistance to shrinkage may exceed the bonding strength
between the resin and fibers, leading to the formation of
microcracks due to debonding at the fiber-matrix interface.
Under tensile loads, the rapid propagation of these cracks
leads to delamination damage within the material, conse-
quently reducing its load transfer capacity and strength.
We also analyzed the change in stiffness in Fig. 7c, d.
It can be observed that the stiffness of the joint initially
increases and then decreases as the duration of low-tem-
perature treatment time increases. The stiffness shows an
increasing trend with larger the interference-fit size, and
when the low-temperature treatment is prolonged, the
decrease in stiffness becomes more significant. Notably, a
longer low-temperature exposure leads to a shorter S2 linear
phase. This phenomenon suggests that the prolonged expo-
sure may impact the stability of resin matrix molecules. As

a result, the CFRP resin matrix undergoes embrittlement,
accompanied by a reduction in cohesion with the fibers, ulti-
mately leading to a diminished bearing capacity of the joint.

4.2 Damage analysis

As the RVEs in our study utilize the maximum stress failure
criterion, the accuracy of the model can be verified through
a comparative analysis of the maximum load-bearing stress
between the experimental results and the 3D-RVEs model.
Figure 8 presents this comparison, showing the load-bearing
strengths obtained from experiments and simulations. The
solid lines in the figure represent the load—displacement
curves of three samples after one month of low-temperature
treatment, while the dashed line represents the load-time
curve obtained from the RVE simulation. Specifically, we
compared the results obtained from joints with 0° and 90°
ply orientations exposed to —40 °C conditions for a month.
The models were carefully designed to closely resemble the
single-layer thickness and incorporated parameters such as
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random fiber distribution and content that accurately reflect
real-world conditions. It is observed that the maximum stress
values for different orientations are close to the experimental
results. This approach facilitated a meaningful comparison
of the maximum load-bearing stress between experimental
data and model predictions.

From the data presented in Fig. 8, it is evident that CFRP
joints with a 90° ply orientation exhibit a slightly higher
(9.5%) maximum load-bearing capacity compared to the
maximum stress output obtained from the RVEs. This dis-
crepancy can be attributed to the enhanced interface bonding
strength at low temperatures, which was considered in the
model through adjustments of the interface bonding parame-
ters. On the other hand, the results of the RVE model slightly
exceed the experimental results by 6.5%. This difference can
be attributed to the fact that during the experimental pro-
cess, the load-bearing behavior of the joints involves not
only compressive damage but also shear losses occurring in
the edge region. These shear losses to some extent diminish
the load-carrying capacity. However, the RVE model solely
considers compressive damage, leading to slightly higher
numerical values compared to the experimental results.

By conducting a comprehensive comparison of the maxi-
mum stresses derived from both experiments and the model,
the model's effectiveness in analyzing damage behavior is
demonstrated. The accuracy of the RVEs model is further
substantiated by comparing the failure modes observed in
the experiments with those predicted by the model.

4.2.1 Thermal residual stress

In terrestrial applications, exposure to temperatures
of —40 °C is more common than exposure to—60 °C.

S, Mises
(Avg: 75%)

Therefore, the majority of the testing was conducted
at—40 °C. Consequently, an FE analysis was performed to
examine the distribution of CFRP thermal residual stress
at—40 °C. In the simulation, the established 3D-RVEs
model of the CFRP was utilized to conduct a transient ther-
mal analysis. This analysis aimed to calculate the thermal
residual stress generated within the microscale model as the
temperature decreased from 20 to —40 °C. The calculated
thermal residual stress distribution in the RVE, resulting
from exposure to low temperatures, is presented in Fig. 9.
Considering the von Mises stress diagram of the residual
stress distribution, it is evident that residual stress is gener-
ated in the area where the fibers accumulate.

The coefficient of thermal expansion for fibers is sig-
nificantly smaller than that of the resin matrix, leading to
a mismatch in deformation that results in differing stresses
experienced by the fibers and matrix. As evident from Fig. 9,
due to the random distribution of fibers, regions with rela-
tively higher fiber content exhibit greater thermal residual
stress compared to areas rich in matrix material. Particu-
larly, at the fiber/matrix interface in these two regions, the
stress is notably higher than in other areas. This is because
the greater matrix content in those regions induces larger
stresses caused by low-temperature shrinkage deformation,
leading to higher stresses at the fiber/matrix interface.

To further analyze the thermal residual stress in the CFRP
by exposure to low temperatures. A pressure-based contour
plot to depict the thermal residual stress distribution of fib-
ers and the matrix in Fig. 10. In this representation, positive
values indicate tensile stress, while negative values represent
compressive stress.

As shown in Fig. 10a, the surface of the fibers experiences
both tensile and compressive stresses. Due to the different

Interface

Matrix

Fibers

Fig.9 Residual stress distribution in the CFRP exposure to —40 °C (unit: TPa)

@ Springer



602 Page 120f 18

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:602

()

S, Pressure
(Avg: 75%)
+2.233e-05

(b)

S, Pressure
(Avg: 75%)

Tensile

stress

Fig. 10 Thermal residual stress distribution in the 3D-RVEs: a fibers and b matrix

thermal expansion coefficients, the shrinkage of the resin
matrix is much larger than that of the fibers. The generation
of tensile stress is due to the resistance at the interface dur-
ing resin shrinkage. On the other hand, compressive stress
is produced when the neighboring fibers are squeezed by the
resin’s contraction in low-temperature environments, par-
ticularly noticeable at the fiber/matrix interface in regions
where the matrix is abundant and where fibers are enriched.
In Fig. 10b, which illustrates the stress contour plot for
the matrix, it can be observed that the matrix experiences
compressive stress. This is attributed to the contraction of
the matrix as the temperature decreases, resulting in internal
compression stresses. In areas where the matrix is more con-
centrated, higher compressive stresses are generated. Near
the fiber/matrix interface, the matrix experiences lower com-
pressive stress. This is because the resin matrix bonded to
the fibers will be subjected to tensile stress (interfacial bond-
ing force) to resist the matrix shrinkage, thereby offsetting
part of the compressive stress. However, this is not sufficient
to alter the overall situation where the matrix experiences
compressive stress during low-temperature treatments.

@ Springer

4.2.2 Microscale damage

It is essential to simulate the potential damage that may
occur during exposure to low temperatures in order to com-
prehensively investigate the influence of residual stress on
the material. The objective of this study is to examine the
mechanism of damage initiation in CFRP joints under low-
temperature conditions. When subject to tensile loading, the
CFRP experiences compression from the bolt-shank against
the hole wall. As a result of the varying stiffness of the inter-
ference joints after exposure to low temperatures, the dis-
placement during the load-bearing process differs. A smaller
deformation around the hole is observed when the stiffness
greater. Therefore, the damage behavior of the RVEs model
can be evaluated by controlling the displacement variation,
which can be understood by comparing experimental results
obtained at different temperatures. According to results in
the current literature [37], the joint exhibits initial damage in
the 90° ply at room temperature. Our experimental observa-
tions also indicate that under low-temperature conditions,
the same damage occurs first at the 90° lay.
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The damage in the 90° ply experienced by the CFRP is
illustrated in Fig. 11, where it is observed to initiate from
areas of high fiber density with weak adhesion between the
fibers and the resin, regardless of whether at room tem-
perature or low temperature. During compression, the resin
matrix is the first sustain damage due to its significantly
lower strength compared to the fibers. In this model, the
resin matrix elements are deleted when the stress exceeds
their strength, resulting in the formation of microcracks.
These microcracks converge and form a main crack. As

depicted in Fig. 11, the main crack propagates along a 60°
direction at ambient temperatures; while at low tempera-
tures, it propagated along a 45° direction. Concurrent with
crack propagation, microcracks are also formed in regions
with small spacing between fibers, causing continuous
destruction of the matrix. Finally, the crack extends into the
interface layer, leading to delamination failure.

The RVE model reveals that the primary failure modes in
the early stages of damage are matrix compression fracture
and fiber-matrix interface debonding, while fiber breakage

Fig. 11 Initial damage morphol-
ogy during the tensile loading
of the CFRP for 90° ply; results
obtained at temperatures of a
20°Candb, ¢, d—40°C PN
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does not occur during the initial damage stages. SEM images
further confirm the accuracy of the model in capturing the
damage behavior along the main crack.

Moreover, Fig. 11c, d shows delamination and in-layer
delamination damage within the 90° ply also occur at low
temperatures. This phenomenon can be attributed to the
enhanced bonding strength between the fibers and matrix
under low temperature, leading to the occurrence of in-layer
delamination and subsequent fibers bundling. Additionally,
as depicted in Fig. 11c, It can be observed that although a
large crack has been formed between the 90° ply direction,
there is almost no significant damage in the 45° ply direction
during the damage initiation stage.

Due to the utilization of the interference fit technique and
the application of a high tightening torque (4 Nm), the axial
displacement of the CFRP is constrained during tension.

DUCTCRT
(Avg: 75%)

DUCTCRT
(Avg: 75%)

+1.000e:
+9.167e

In-layer delamination

As aresult, in the early stages of damage, the joints exhibit
a failure mode characterized by compression of the bolt
shank against the CFRP hole wall, as depicted in Fig. 12.
Conversely, in the 0° ply orientation, the load-bearing pro-
cess initiates with fibers micro-buckling. This phenomenon
arises from localized regions where the bonding between
the fibers and matrix is weak, leading to debonding caused
by stress concentration. This debonding creates voids that
accommodate fibers micro-buckling. However, the limita-
tions imposed on axial displacement impede further bending
of the fibers. As the applied load increases, the matrix under-
goes preferential compression failure, eventually leading to
fracture of the fibers when the local interfacial shear stress
exceeds their carrying capacity.

As tension progresses and further compresses the CFRP,
secondary fractures occur in 0° ply direction, as shown in

Cracking

Tensile

g Microbuckling
direction -

Fig. 12 Damage initiation of CFRP in 0° ply direction
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Fig. 13 Damage propagation of
CFRP in 0° ply direction

X-plan Cross section | . *

secondary
crack

0° ply

Tensile direction

Fig. 13, leading to the formation of numerous kink bands in
the 0° ply orientation until ultimate failure. We propose that
the formation of kink bands at low temperatures is attributed
to stress concentration in specific areas, such as fiber-dense
regions and interlaminar regions, and the preferential occur-
rence of cracking during the load-bearing process. These
cracks create micropores that allow for the formation of kink
bands.

During the initial stages of damage, it is important to note
that the 90° ply orientation experiences predominant failure
within the limited load-bearing space, while kink band dam-
age in the 0° orientation occurs only in localized regions. In
the 0° ply orientation, the primary mechanisms of damage
during the damage initiation stage include matrix compres-
sion failure, fiber micro-buckling, and kink bands.

The failure morphology of the specimens at ambient
temperature is shown in Fig. 14a, exhibiting a relatively
clean surface of fibers. The failure is characterized by
smooth fibers and no residual resin can be seen bonded to

adeccscccsccccas

i § $3400 15.0kV 15.1mm x600 SE

the surface of the fibers. This observation indicates that
the final failure of the specimen is primarily attributable to
the peeling between the resin matrix and fibers, resulting
in fibers fracture under external force.

After long-term low-temperature exposure, the adhe-
sion between the resin and fiber surface is stronger than
at ambient temperatures in Fig. 14b, c, d. For example,
at—60 °C, some resin remains adhered to the fibers after
failure, indicating a strong bonding between the fiber and
resin in the specimens exposed to low temperatures. This
improved adhesion between the fibers and the resin also
confirms that a low-temperature treatment will enhance
the strength and stiffness of the joint.

Additionally, the fibers aggregate into bundles at the
fracture surface of the specimen exposed to low temper-
atures. The failure of this specimen is primarily due to
peeling between the matrix and the fiber, shear failure of
the inter-fiber/resin matrix, and the fracture of the fiber
bundles.
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Fig. 14 Fracture morphology of
the CFRP at different tem-
peratures, a 20 °C, b—20 °C,
c¢—40°C,and d-60 °C

$3400 15.0kV 8.4mm x1:00k SE

S3400 15.0k¥:9 7mm x1.00k SE

5 Conclusion

This work investigated the mechanical performances of
CFRP interference-fit bolted joints subjected to low-tem-
perature exposure. The tensile strength, stiffness, thermal
residual stress, and failure models were analyzed through
experiments and 3D-RVEs models. The key findings are as
follows:

(1). Appropriate interference fits and low-temperature
exposure can improve the tensile strength and stiff-
ness of the examined joints. As the interference-fit
sizes increase, the strength and stiffness of the joints
initially increase before decreasing after long-term
low-temperature exposure. Joints with an interfer-
ence fit of 1.64% exhibit the highest ultimate tensile
strength and stiffness. The strength and stiffness of the
joints demonstrate an approximately linear increase
with decreasing temperature.

(2). The strength and stiffness of CFRP bolted joints
initially increase and then decrease with increasing
exposure time to a given low temperature. The ini-
tial increase is attributed to the enhanced bonding
between the matrix and fibers due to matrix shrinkage
after low-temperature exposure, as well as better fib-
ers support. The subsequent decrease occurs because
prolonged low-temperature exposure leads to resin
shrinkage within the CFRP reaching a point where the
stress generated by the resin resistance to shrinkage

@ Springer

may exceed the bonding strength between the resin
and the fibers, resulting in the microcracks caused by
debonding. Under tensile load, the rapid expansion
of cracks leads to delamination damage within the
material, thereby reducing its load transfer capacity
and strength.

(3). Low-temperature exposure generates thermal residual
stresses within the CFRP due to the difference in the
thermal expansion coefficients of the fiber and the
resin. The presence of thermal residual stress influ-
ences the cracks propagation path when it is subjected
to its failure load, and the failure mechanisms of dif-
ferent ply orientations in CFRP are also different. Co-
shrinkage of the resin-wrapped fiber also occurs due
to low-temperature exposure, enhancing the cohesion
between the fibers and resin.
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