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Torsional tests were conducted to investigate the influence of service temperature

Correspondence . on torsional property of composite/steel hybrid structures. In the experiment, two
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Nottingham, UK. perature and various elevated temperatures up to 150°C, including hybrid shafts

Email: zeyuan xu@nottingham.ac.uk with and without a metal core. Consequently, the torsional stiffness of the two

hybrid shafts at different temperatures was calculated based on the recorded angu-
lar deformation-torque curves. The experimental results revealed a significant
decrease in the torsional stiffness of the hybrid shaft without metal core as the
increase of service temperature, while the torsional stiffness of the one with metal
core remained almost unchanged, especially at high temperatures. In addition, a
finite element model was proposed to predict the torsional behavior of the hybrid
shafts at different service temperatures. In the model, an empirical equation was
introduced, and micromechanical method was adopted to determine the
temperature-dependant elastic properties of composite material and adhesive layer
in the hybrid structure. Then, the predicted torsional property was compared to

the experimental results for model verification.

Highlights

« Two types of hybrid composite-metal shafts are designed and manufactured.

« Torsional tests are conducted at both room and elevated temperatures up
to 150°C.

« A finite element model applicable to shaft at various temperatures is
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« The temperature-dependant property is characterized by an efficient

equation.
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1 | INTRODUCTION

In recent years, hybrid shafts consisting of metallic part
and a composite part have been increasingly introduced to
replace traditional metal shafts in aerospace engineering
structures and automobile structures due to the excellent
mechanical properties of composite materials. Previous
studies have shown that this hybrid structure could pro-
vide significant weight savings when compared to
conventional metallic structures.'

As a torque transmission structure, the torsional
performance of hybrid composite/metal shaft is a critical
issue, and numerous studies have been conducted to
research the torsional property of different types of hybrid
shafts,>'® as summarized by Jarrett et al.' Mutasher et al.”
carried out experimental research to study the influence of
winding angles, the numbers of layers, and stacking
sequence on the static torsion capability of a hybrid alumi-
num/composite drive shaft. In their torque test, the
torque-twist angle curves of different hybrid driveshafts
were recorded, and the failure mechanism under static tor-
que loading was also studied. Their experimental results
suggest that the static torque capacity of shaft with +45°
winding angle is larger than those with 90° angle, and an
increasing number of layers could lead to higher torsional
strength of the hybrid aluminum/composite shaft. In order
to investigate the influence of reinforcement types on the
torsional performance of hybrid composite shafts, Tariq
et al.> designed and manufactured several hybrid shafts
with different hybrid filament, including a combination of
carbon, glass, and aramid fiber. According to their tor-
sional test results, the shafts with hybrid reinforcement
have lower torsional strength, stiffness, and resilience
when compared to those with pure carbon. Additionally, it
was found that replacing room temperature curing resin
with hot-curing resin in the hybrid shafts could also lead
to the decrease of torsional properties. Apart from static
torsional properties, Lee et al.>’ investigated the torsional
fatigue performance of a hybrid aluminum-composite
shaft preloaded with axial compressive loading. They
found that the preloaded axial compressive loading could
result in longer torsional fatigue lives of the hybrid shafts
up to the yielding of the metal tube. They also reported
that the hybrid shafts with the same axial compressive
residual stress have similar fatigue lives at room and sub-
zero temperatures. In addition to torsional property, Sun
et al.'” studied the influence of winding angles and thick-
nesses on crashworthiness characteristics of aluminum/
carbon fiber reinforced polymer (CFRP) hybrid tube based
on quasi-static crushing tests.

Apart from the study on torsional property of hybrid
composite/metal structure, some researchers have also paid
attention to the mechanical properties of composite-steel
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joints in the hybrid structure.”**° Nguyen et al.*° examined
the mechanical performance of steel/CFRP adhesively-
bonded double strap joints at elevated temperatures around
the glass transition temperature (GTT) (Ty) of the adhesive.
They found that as the service temperature approached
T,, the failure mode of adhesive layer changed to
debonding from adherend failure, and the stiffness and
strength decrease greatly as well. Experiments designed
by Biscaia et al.>* also aimed at the performance of
CFRP-to-steel bonded joints under high temperatures.
They also proposed a bi-linear temperature-dependent
bond-slip model to simulate the mechanical behavior of
CFRP-to-steel interfaces at different temperatures.
Although a lot of work has been done to study the
influence of service temperature on the mechanical prop-
erty of steel/composite joint, there still remains limited
research on the torsional performance of hybrid compos-
ite shaft at different elevated service temperatures so far.
Motivated by this reason, torsional tests were carried out
on two types of newly designed hybrid composite/metal
shafts at different elevated temperatures up to 150°C, one
is a hybrid shaft with CFRP sleeve and metal core, and
the other is a hybrid shaft without metal core. In the tor-
sional tests, torque-angular deformation curves were
obtained to analyze the influence of temperature on the
torsional stiffness of different hybrid shafts. Additionally,
the shear strains of the composite part and metal part
were recorded by strain gages for the analysis of shear
deformation of different parts during the tests.
Subsequently, a finite element analysis was performed
in the software ABAQUS to model the torsional properties
of the two hybrid shafts at different temperatures. In order
to determine the elastic properties of composite sleeve in
the finite element model, a micromechanical method was
adopted using the software UnitCells© developed by Li
et al.,”” and an empirical model was introduced to predict
the temperature-dependant elastic properties of CFRP and
adhesive layer at different service temperatures. As a result,
the predicted torque-angular deformation curves and
torsional stiffness of the two hybrid shafts at different
temperatures were compared to the experimental results.

2 | EXPERIMENTAL SETUP

2.1 | Specimen design and preparation
The schematic view of the two types of hybrid composite/
steel shafts are shown in Figure 1.

In order to manufacture the hybrid shafts with a
metal core, the metal part was created first with stainless
steel, then the composite sleeve made from IM7/8552
epoxy carbon fiber reinforced twill weave composite was

85U801 SUOWIOD AIIe1D) 8|l jdde ay) Aq peusencb a.e 9o YO ‘88N JO S9N I0j ARIq1T 8UIUQ A8]1M UO (SUONIPUOD-PUR-SLLBI WD A8 I AReId 1 jpuljU0//:SANY) SUORIPUOD Ppue SWie | 8y} 88S *[Z0z/TT/92] uo AkeidiTauluo Ao 189 L Aq 9582 9d/200T 0T/I0p/W00" A8 1M AJeiq Ul [UO'SUO eol gndedsty//:Sdny Wwoiy pepeojumod ‘ZT ‘¥Z02 ‘69S08YST



QI ET AL.

11268 | W l L E Y—w nspIRNG Polymer

PROFEssiONALs  COMPOSITES

Composite sleeve
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(A)

Composite sleeve

Metal end

Metal end

(B)
TABLE 1 Test matrix.
Sample
Test condition Test sample number
Room temperature Stainless steel core 3
composite shaft
Composite shaft with 3
stainless steel ends
Elevated temperature  Stainless steel core 3
(30°C, 60°C, 90°C, composite shaft
120°C, 130°C, Composite shaft with 3

140°C, and 150°C) stainless steel ends

wound onto the metal tube with a thin epoxy adhesive
layer. For the hybrid shafts without metal core, two
stainless-steel ends and a composite sleeve were manu-
factured separately, and then they were connected to
each other with a thin epoxy adhesive layer.

In the test, several different service temperatures were
considered to investigate the influence of service temper-
ature on the torsion property of the two composite shafts,
including the room temperature (15°C) and some ele-
vated temperatures. The test matrix is shown in Table 1.

2.2 | Testing condition

The tests were performed according to the test standard
ISO 7800-2012°% and ISO 18338-2015% for room tempera-
ture tests and elevated temperature tests, respectively. As
shown in Figure 2, the experiment was carried out on a
torsion test machine KN-G500W, which could also record
the applied torque and corresponding twist angle during
the test. In order to record the shear deformation of com-
posite and metal part under torque loading, two strain
gages were placed on their surfaces, respectively.

FIGURE 1 Schematic view
of two composites-metal hybrid
shaft specimens (dimensions in
mm). (A) shaft with metal core,

(B) shaft without metal core.

Torsion angle
meter

FIGURE 2 Illustration of test setup.

In the room temperature test condition, two-
direction strain gauges numbered 1 and 2 were selected
for the metal and composite parts, respectively, as
shown in the picture on the right in Figure 2. After pol-
ishing and cleaning the surface of the test sample, the
strain gauge is attached with a 45° angle using an
instantaneous adhesive CC-35A KYOWA. Besides, SB
tape was used to cover the strain gauge to protect it
from environmental impact.

In the high-temperature test condition, a high
temperature strain gauge KFH-2-120-C1-16 and a high
temperature polyimide adhesive PI-32 were chosen since
the highest environment temperature would be up to
150°C. It should be noted that the high temperature
adhesive needs to be cure at high-temperature conditions
along with the surface pressure. In addition, high-
temperature Teflon tape LC-WY and silicone rubber layer
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FIGURE 3 Experimental results of the two hybrid shafts at different temperatures. (A) Torque-angular deflection curves of the two

hybrid shafts, (B) shear strain data of the composite part and metal part.

were placed to cover the strain gauge, and a metal clamp-
ing ring was used to apply the pressure between 200 kPa
and 500 kPa on the strain gauge surface. In order to
provide a stable environment during the curing process,
a thermal chamber capable of heating up to 350°C was
also used.

Before test, the samples need to be cured for 1 hour at
100°C and then 2 hours at 200°C, after which they were
placed back in the thermal chamber to undergo the aging
process. It should be noted that the KFH strain gauge
needs to be heated from room temperature to 250°C at a
constant rate of 5°C/min, then maintained for an addi-
tional 2 hours.

2.3 | Experimental results
2.3.1 | Experimental results of the two
hybrid shafts at different temperatures

Experimental results of torque-angular deflection curves
of the two hybrid shafts and shear strain data of the com-
posite part and metal part in the two hybrid shafts at
room temperature and high temperature (150°C) are
shown in Figure 3.

According to the experimental results in Figure 3, it
is evident that elevated temperature has a much
greater influence on the torsional property of the
hybrid shaft without metal core, whereas for hybrid
shafts with metal core the service temperature has no
significant effect. As a key component of torque trans-
mission structure, the torsional properties of the metal
core in hybrid shafts remain almost unchanged at

| | ——15°C
0.6 F
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o
T
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FIGURE 4 Torque-angular deflection curves of hybrid shaft
without metal core at different environment temperatures.

service temperatures up to 150°C, while for cores made
from composite materials, the torsional properties
would decrease noticeably with increasing tempera-
ture. As a result, the service temperature exerts a more
pronounced influence on the torsional properties of
hybrid shafts without a metal core.

2.3.2 | Experimental results of shafts without
metal core at different temperatures

As shown in Figure 3, elevated service temperature could
have a great influence on the torsional property of hybrid
shaft without metal core. Hence, different elevated
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FIGURE 5 Torsional stiffness properties of hybrid shaft

without metal core at different environment temperatures.

temperatures were considered in the torsional test of this
type of hybrid shaft for further investigation, including
30°C, 60°C, 90°C, 120°C, 130°C, 140°C, and 150°C.
Figure 4 shows the torque-angular deflection curves of
the shaft without metal core at room temperature and
several elevated temperatures.

Figure 4 shows the linear relationship between
applied torque and angular deflection of hybrid shaft
without metal core at different temperatures, indicating
the linear torsional behavior of the shaft and an absence
of damage initiation within the structure during the tests
at different service temperatures.

Based on the results in the above figure, the torsional
stiffness of the shaft without metal core at different temper-
atures could be also obtained according to equation (1),

T
S=5 (1)

where S denotes the torsional stiffness of the structure,
T and @ are applied torque and corresponding twist angle,
respectively, and the results are shown in Figure 5.

The experimental results in Figure 5 show that there
exists a critical service temperature (120°C), below which
the torsional stiffness of the hybrid shafts decreases slightly,
and then the torsional stiffness would decrease significantly
as the temperature increases above 120°C. It should be
noted that this critical service temperature is lower than the
GTT of the epoxy resin which is around 150°C. This is
mainly attributed to the fact that the stiffness of epoxy
would begin to decrease greatly before its GTT, as revealed
by some previous research,” which causes the degradation
of matrix-dominated stiffness properties of composite struc-
ture, consequently resulting in the degradation of torsional
stiffness of the hybrid structure.

3 | FINITE ELEMENT MODEL

In this section, an analytical model based on finite ele-
ment method (FEM) was developed in the software ABA-
QUS to simulate the torsional performance of the two
hybrid shafts at different temperatures, and the model
results were compared to the experimental results for
model verification. Besides, the model could also be used
for further stress and failure analysis of hybrid composite
shaft at different service temperatures.

3.1 | Determination of temperature-
dependant material properties

It is known that elevated temperature has a great influence
on the stiffness of epoxy. As a result, the elastic properties
of adhesive layer and composite sleeve would change with
the increase of service temperature. Many researchers also
found that for different types of epoxy resins, the degrada-
tion laws of stiffness with the increase of temperature could
vary.”> So, for simplicity, it is assumed in this article that
the relationship between the normalized stiffness of differ-
ent types of epoxy resins and the service temperature nor-
malized by their GTTs is similar, and could be described by
the following empirical equation,**

E 1
E-l-———— @
Ey

et ()

where Er and E, denote the stiffness of epoxy at elevated
temperature and room temperature, respectively. Ty is
the GTT of epoxy, T is the service temperature, k; and k,
are model parameters whose values were chosen as 4.95
and 1.0 as suggested.”*

In order to verify the above assumption and empirical
equation, the normalized stiffness of different types of
epoxy resins with respect to the normalized temperature
predicted by the equation was compared to the experi-
mental results reported,23 as shown in Figure 6. It should
be noted that in the figure, “S30,” “A2014,” “A420,” and
“J133” represent four different types of resin used in the
reference. According to the comparison results, it could
be concluded that the empirical equation could be
adopted to describe the degradation of normalized stiff-
ness of different types of epoxy resins.

It is also pointed out that an elevated temperature up
to 200°C has no obvious effect on the stiffness of stainless
steel and carbon fibers,?>*' so their elastic properties
are considered as temperature-independent, and they
are listed in Table 2.

Given the fiber volume fraction, the elastic properties
of carbon fibers and the elastic properties of epoxy resin
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FIGURE 6 Comparison of normalized stiffness degradation

of different epoxies between prediction result and
experimental results.

TABLE 2 Elastic properties of steel.
Elastic Poisson's
modulus (GPa) ratio
Stainless steel 200 0.28
IM7 carbon fiber 276 0.27

at different temperatures, the elastic properties of com-
posite sleeve used in the experiment could be obtained by
means of the micromechanical method with the software
UnitCells© developed by Li et al.*”**** Among different
types of unit cells (UCs) available in the UnitCells©,
a hexagonal UC was chosen to calculate the elastic prop-
erties of the weft and wrap yarn in the twill woven com-
posite sleeve. Then a UC for twill woven composites was
chosen to determine the elastic properties of composite
sleeve at different service temperatures on the basis
of calculated weft and wrap elastic properties, as shown
in Figure 7.

The predicted degradation curves of elastic properties of
twill woven composite sleeve with the increase of service
temperature are shown in Figure 8. In the figure, E;, E,
and Ej; denote the longitudinal, transverse and out-of-plane
elastic modulus of the twill woven, respectively, with the
subscript “1,” “2,” and “3” representing the warp direction,
the weft direction and thickness direction. G;, and Gys
denote the in-plane and out of plane shear modulus, respec-
tively. It should be noted that in the figure, the normalized
stiffness properties were plotted for a more intuitive com-
parison, which was calculated by dividing the degraded
stiffness properties by the initial value.
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FIGURE 7 Unit cells to calculate the elastic properties of
composite sleeve in the UnitCells©. (A) Hexagonal, (B) UC for twill
woven composite.
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FIGURE 8
twill woven composite sleeve at different service temperatures.

Predicted degradation curves of elastic properties of

3.2 | Loading, boundary, and mesh
conditions

According to the practical condition in the experiment, a
clamped boundary condition was applied to the surface
of one metal end, and a torque loading was applied to the
sleeve surface in the FEM model. The following figure
illustrates the mesh condition of different parts of the
hybrid shafts without metal core. In the model, all three
parts are considered as linear elastic material, so an
8-node linear brick and full integration element C3D8
was used for the three parts, as shown in Figure 9.

3.3 | Results and discussions

Figure 10 shows the comparison between prediction
results and experimental results of torque-angular
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FIGURE 9 Mesh condition
of different parts of hybrid shaft
without metal core.
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Comparison between experimental and predicted results of torque-angular deflection curves of the two shafts at 15°C and

150°C. (A) hybrid shaft with metal core, (B) hybrid shaft without metal core.

deflection curves of the two hybrid shafts under room
temperature.

Figure 11 shows the comparison between prediction
results and experimental results of torsional stiffness of
the hybrid shaft without metal core at different elevated
service temperatures.

According to the comparison results, the predicted
torque-angular deflection curves of the two shafts and the
trend of torsional stiffness degradation of the hybrid shaft
without metal core as the increase of service temperatures
are in agreement with experimental results, indicating that
the developed FEM model could be used to model the
torsional performance of composite/steel hybrid shafts.

As shown in Figure 11, the predicted torsional stiffness
of hybrid shaft is generally larger than the experimental
results, and the main reason is considered as the neglect of
thermal residual stress in composite sleeve in the analytical
model. As pointed out, the thermal residual stress arises due
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FIGURE 11
results of torsional stiffness of the shafts without metal core at
different temperatures.

Comparison between experimental and predicted
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FIGURE 12 Stress fields in each part of hybrid shaft with metal core applied with 90 Nm torque at room temperature.

to the mismatch in coefficient of thermal expansion
between the fibers and matrix as the service temperature
changes.*>® This could result in the initiation of micro
damages in matrix and micro delamination at the interface
between the fibers and matrix, leading to further degrada-
tion of the matrix-dominated mechanical properties of com-
posite structures, which dominate the torsional performance
of the structure. Therefore, neglecting this effect would
result in more conservative prediction results.

Apart from the torque-angular deflection curves and
torsional stiffness, the stress filed in each part of hybrid
shafts was also obtained by means of the FEM model,
as shown in Figure 12. Further damage and failure analy-
sis of hybrid shafts could then be conducted as a refer-
ence for hybrid shaft structure design and optimization.

4 | CONCLUSION

In this paper, torsional tests were conducted on two types
of composite/steel hybrid shafts under different service
temperatures (ranging from 15°C to 150°C) to investigate
the influence of temperature on their torsional perfor-
mance. In addition, a FEM model was developed in the
software ABAQUS to simulate the torsional performance
of hybrid shaft at different service temperatures. An
empirical equation was introduced in the model to deter-
mine the temperature-dependant mechanical properties
of the composite structure. The study in this paper could
lead to the following conclusions:

According to the experimental results, it is found that ser-
vice temperature has a much greater influence on the tor-
sional stiffness of hybrid shaft without metal core, whereas
for hybrid shafts with metal core the service temperature has
no significant effect. Besides, the hybrid shafts without metal

core exhibit a distinct critical service temperature at 120°C.
Below this temperature, the torsional stiffness of hybrid shaft
decreases slightly, while a significant decrease of the tor-
sional stiffness was observed as the temperature increased
above this threshold value. It is worth noting that this critical
service temperature is lower than the T, of epoxy used in the
structure, which is around 150°C.

Comparison between the experimental results and
predicted results of torsional performance of hybrid shaft
without metal core at different temperatures has been
made and indicates that the proposed FEM model is
effective in simulating the torsional behavior of compos-
ite/steel hybrid structure at different service tempera-
tures. Additionally, the FEM model could be used for
further damage and failure analysis of hybrid structure
based on the obtained stress field.

The neglect of thermal residual stress in the analytical
model leads to more conservative results in predicting
torsional stiffness, as thermal residual stress can induce
the initiation of micro damages within matrix and inter-
face, which further degrade the matrix-dominated
mechanical properties and torsional stiffness of compos-
ite structures.

DATA AVAILABILITY STATEMENT
Data available on request from the authors.

ORCID
Wenxuan Qi ‘® https://orcid.org/0000-0002-9701-5625
REFERENCES

1. Jarrett W, Jeffs SP, Korkees F, Rawson M. The opportunities
and challenges of hybrid composite driveshafts and their cou-
plings in the aerospace industry: a review. Compos Struct. 2023;
320:320. doi:10.1016/j.compstruct.2023.117203

85U801 SUOWIOD AIIe1D) 8|l jdde ay) Aq peusencb a.e 9o YO ‘88N JO S9N I0j ARIq1T 8UIUQ A8]1M UO (SUONIPUOD-PUR-SLLBI WD A8 I AReId 1 jpuljU0//:SANY) SUORIPUOD Ppue SWie | 8y} 88S *[Z0z/TT/92] uo AkeidiTauluo Ao 189 L Aq 9582 9d/200T 0T/I0p/W00" A8 1M AJeiq Ul [UO'SUO eol gndedsty//:Sdny Wwoiy pepeojumod ‘ZT ‘¥Z02 ‘69S08YST


https://orcid.org/0000-0002-9701-5625
https://orcid.org/0000-0002-9701-5625
info:doi/10.1016/j.compstruct.2023.117203

ﬂl_w l L E Y_ PLASTICS

10.

11.

12.

13.

14.

15.

16.

17.

INSPIRING Pglymer

QI ET AL.

PROFEssiONALs  COMPOSITES

Mutasher S, Sapuan S, Sahari B, Hamouda A. Torsion trans-
mission capacity of a hybrid aluminum-composite driveshaft.
Polym Polym Compos. 2006;14:175-184.

Tariq M, Nisar S, Shah A, Akbar S, Khan MA, Khan SZ. Effect
of hybrid reinforcement on the performance of filament wound
hollow shaft. Compos Struct. 2018;184:378-387. doi:10.1016/j.
compstruct.2017.09.098

Sevkat E, Tumer H, Halidun Kelestemur M, Dogan S. Effect of
torsional strain-rate and lay-up sequences on the performance
of hybrid composite shafts. Mater Des. 2014;60:310-319. doi:10.
1016/j.matdes.2014.03.069

Shokrieh MM, Hasani A, Lessard LB. Shear buckling of a com-
posite drive shaft under torsion. Compos Struct. 2004;64:63-69.
doi:10.1016/50263-8223(03)00214-9

Lee DG, Kim JW, Hwang HY. Torsional fatigue characteristics
of aluminum-composite co-cured shafts with axial compressive
preload. J Compos Mater. 2004;38:737-756. doi:10.1177/
0021998304042479

Lee DG, Kim HS, Kim JW, Kim JK. Design and manufacture
of an automotive hybrid aluminum/composite drive shaft.
Compos Struct. 2004;63:87-99. doi:10.1016/S0263-8223(03)
00136-3

Henry TC, Riddick JC, Mills BT, Habtour EM. Composite
driveshaft prototype design and survivability testing. J Compos
Mater. 2017;51:2377-2386. doi:10.1177/0021998316670478
Sevkat E. Finite element analysis of functionally hybridized
carbon/glass composite shafts. J Reinf Plast Compos. 2014;33:
1226-1236. d0i:10.1177/0731684414524463

Badie MA, Mahdi E, Hamouda AMS. An investigation into
hybrid carbon/glass fiber reinforced epoxy composite automo-
tive drive shaft. Mater Des. 2011;32:1485-1500. doi:10.1016/j.
matdes.2010.08.042

Montagnier O, Hochard C. Optimisation of hybrid high-modu-
lus/high-strength carbon fibre reinforced plastic composite
drive shafts. Mater Des. 2013;46:88-100. doi:10.1016/j.matdes.
2012.09.035

Okutan MS, Ozsoy MI, Genel K. Failure response of holed
aluminumy/glass hybrid composite tubes. Eng Fail Anal. 2023;
149:149. doi:10.1016/j.engfailanal.2023.107271

Hu Y, Yang M, Zhang J, Song C, Zhang W. Research on tor-
sional capacity of composite drive shaft under clockwise and
counter-clockwise torque. Adv Mech Eng. 2015;7:1-7. doi:10.
1177/1687814015582109

Mutasher SA. Prediction of the torsional strength of the hybrid
aluminum/composite drive shaft. Mater Des. 2009;30:215-220.
doi:10.1016/j.matdes.2008.05.024

Hastie JC, Guz IA, Kashtalyan M. Response of carbon/PEEK
automotive driveshafts with/without an inner isotropic layer at
high temperature considering temperature-dependent material
properties. Proc Inst Mech Eng Part L: J Mater Des Appl. 2022;
237:1406-1415. doi:10.1177/14644207221143342

Misri S, Sapuan SM, Leman Z, Ishak MR. Torsional behaviour
of filament wound kenaf yarn fibre reinforced unsaturated
polyester composite hollow shafts. Mater Des. 2015;65:953-960.
doi:10.1016/j.matdes.2014.09.073

Cho DH, Lee DG. Manufacturing of co-cured composite alumi-
num shafts with compression during co-curing operation to
reduce residual thermal stresses. J Compos Mater. 1998;32:
1221-1241. d0i:10.1177/002199839803201205

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Abu Talib AR, Ali A, Badie MA, Azida Che Lah N,
Golestaneh AF. Developing a hybrid, carbon/glass fiber-reinforced,
epoxy composite automotive drive shaft. Mater Des. 2010;31:514-
521. doi:10.1016/j.matdes.2009.06.015

Sun G, Wang Z, Hong J, Song K, Li Q. Experimental investi-
gation of the quasi-static axial crushing behavior of
filament-wound CFRP and aluminum/CFRP hybrid tubes.
Compos Struct. 2018;194:208-225. doi:10.1016/j.compstruct.
2018.02.005

Nguyen TC, Bai Y, Zhao XL, Al-Mahaidi R. Mechanical charac-
terization of steel/CFRP double strap joints at elevated temper-
atures. Compos Struct. 2011;93:1604-1612. doi:10.1016/j.
compstruct.2011.01.010

Choi JK, Lee DG. Experimental investigation of the static tor-
que transmission capabilities of the adhesively bonded single
lap joints. J Mater Process Technol. 1995;48:341-347.

Kim WT, Lee DG. Torque transmission capabilities of adhe-
sively bonded tubular lap joints for composite drive shafts.
Compos Struct. 1995;30:229-240.

Ke L, Li C, He J, Dong S, Chen C, Jiao Y. Effects of elevated
temperatures on mechanical behavior of epoxy adhesives and
CFRP-steel hybrid joints. Compos Struct. 2020;235:235. doi:10.
1016/j.compstruct.2019.111789

Biscaia HC, Ribeiro P. A temperature-dependent bond-slip
model for CFRP-to-steel joints. Compos Struct. 2019;217:186-
205. doi:10.1016/j.compstruct.2019.03.019

Zhang Y, Vassilopoulos AP, Keller T. Stiffness degradation and
fatigue life prediction of adhesively-bonded joints for fiber-
reinforced polymer composites. Int J Fatigue. 2008;30:1813-
1820. doi:10.1016/j.ijfatigue.2008.02.007

Wang Z, Li C, Sui L, Xian G. Effects of adhesive property and
thickness on the bond performance between carbon fiber rein-
forced polymer laminate and steel. Thin-Walled Struct. 2021;
158:158. doi:10.1016/j.tws.2020.107176

Li S, Sitnikova E. Representative Volume Elements and Unit
Cells: Concepts, Theory, Applications and Implementation.
Woodhead Publishing; 2019.

ISO-7800-2012. Metallic materials-wire-simple torsion test.
2012.

ISO-18338-2015. Metallic materials-Torsion test at ambient
temperature. 2015.

Heshmati M, Haghani R, Al-Emrani M. Environmental dura-
bility of adhesively bonded FRP/steel joints in civil engineering
applications: state of the art. Compos B Eng. 2015;81:259-275.
doi:10.1016/j.compositesb.2015.07.014

Bazli M, Abolfazli M. Mechanical properties of fibre reinforced
polymers under elevated temperatures: an overview. Polymers
(Basel). 2020;12:1-31. doi:10.3390/polym12112600

Li S. Boundary conditions for unit cells from periodic micro-
structures and their implications. Compos Sci Technol. 2008;68:
1962-1974. doi:10.1016/j.compscitech.2007.03.035

Li S. General unit cells for micromechanical analyses of unidi-
rectional composites. Compos Part A Appl Sci Manuf. 2000;32:
815-826.

Parlevliet PP, Bersee HEN, Beukers A. Residual stresses in
thermoplastic composites - a study of the literature. Part III:
effects of thermal residual stresses. Compos Part A Appl Sci
Manuf. 2007;38:1581-1596.  do0i:10.1016/j.compositesa.2006.
12.005

85U801 SUOWIOD AIIe1D) 8|l jdde ay) Aq peusencb a.e 9o YO ‘88N JO S9N I0j ARIq1T 8UIUQ A8]1M UO (SUONIPUOD-PUR-SLLBI WD A8 I AReId 1 jpuljU0//:SANY) SUORIPUOD Ppue SWie | 8y} 88S *[Z0z/TT/92] uo AkeidiTauluo Ao 189 L Aq 9582 9d/200T 0T/I0p/W00" A8 1M AJeiq Ul [UO'SUO eol gndedsty//:Sdny Wwoiy pepeojumod ‘ZT ‘¥Z02 ‘69S08YST


info:doi/10.1016/j.compstruct.2017.09.098
info:doi/10.1016/j.compstruct.2017.09.098
info:doi/10.1016/j.matdes.2014.03.069
info:doi/10.1016/j.matdes.2014.03.069
info:doi/10.1016/S0263-8223(03)00214-9
info:doi/10.1177/0021998304042479
info:doi/10.1177/0021998304042479
info:doi/10.1016/S0263-8223(03)00136-3
info:doi/10.1016/S0263-8223(03)00136-3
info:doi/10.1177/0021998316670478
info:doi/10.1177/0731684414524463
info:doi/10.1016/j.matdes.2010.08.042
info:doi/10.1016/j.matdes.2010.08.042
info:doi/10.1016/j.matdes.2012.09.035
info:doi/10.1016/j.matdes.2012.09.035
info:doi/10.1016/j.engfailanal.2023.107271
info:doi/10.1177/1687814015582109
info:doi/10.1177/1687814015582109
info:doi/10.1016/j.matdes.2008.05.024
info:doi/10.1177/14644207221143342
info:doi/10.1016/j.matdes.2014.09.073
info:doi/10.1177/002199839803201205
info:doi/10.1016/j.matdes.2009.06.015
info:doi/10.1016/j.compstruct.2018.02.005
info:doi/10.1016/j.compstruct.2018.02.005
info:doi/10.1016/j.compstruct.2011.01.010
info:doi/10.1016/j.compstruct.2011.01.010
info:doi/10.1016/j.compstruct.2019.111789
info:doi/10.1016/j.compstruct.2019.111789
info:doi/10.1016/j.compstruct.2019.03.019
info:doi/10.1016/j.ijfatigue.2008.02.007
info:doi/10.1016/j.tws.2020.107176
info:doi/10.1016/j.compositesb.2015.07.014
info:doi/10.3390/polym12112600
info:doi/10.1016/j.compscitech.2007.03.035
info:doi/10.1016/j.compositesa.2006.12.005
info:doi/10.1016/j.compositesa.2006.12.005

QI ET AL.

35.

36.

Parambil NK, Chen BR, Deitzel JM, Gillespie JW. A meth-
odology for predicting processing induced thermal residual
stress in thermoplastic composite at the microscale. Com-
pos B Eng. 2022;231:231. doi:10.1016/j.compositesb.2021.
109562

Parlevliet PP, Bersee HEN, Beukers A. Residual stresses in
thermoplastic composites-a study of the literature-part I: for-
mation of residual stresses. Compos Part A Appl Sci Manuf.
2006;37:1847-1857. d0i:10.1016/j.compositesa.2005.12.025

912 INSPIRING Polymer 11275
:: PLASTICS [ Y
PROFESSIONALS  COMPOSITES WI LE

How to cite this article: Qi W, Xu Z, Wan Y,
Gerada D, Gerada C. Investigation on the torsional
property of hybrid composite/metal shafts at
different service temperatures: Experimental and
analytical study. Polym Compos. 2024;45(12):
11266-11275. d0i:10.1002/pc.28564

85U801 SUOWIOD AIIe1D) 8|l jdde ay) Aq peusencb a.e 9o YO ‘88N JO S9N I0j ARIq1T 8UIUQ A8]1M UO (SUONIPUOD-PUR-SLLBI WD A8 I AReId 1 jpuljU0//:SANY) SUORIPUOD Ppue SWie | 8y} 88S *[Z0z/TT/92] uo AkeidiTauluo Ao 189 L Aq 9582 9d/200T 0T/I0p/W00" A8 1M AJeiq Ul [UO'SUO eol gndedsty//:Sdny Wwoiy pepeojumod ‘ZT ‘¥Z02 ‘69S08YST


info:doi/10.1016/j.compositesb.2021.109562
info:doi/10.1016/j.compositesb.2021.109562
info:doi/10.1016/j.compositesa.2005.12.025
info:doi/10.1002/pc.28564

	Investigation on the torsional property of hybrid composite/metal shafts at different service temperatures: Experimental an...
	1  INTRODUCTION
	2  EXPERIMENTAL SETUP
	2.1  Specimen design and preparation
	2.2  Testing condition
	2.3  Experimental results
	2.3.1  Experimental results of the two hybrid shafts at different temperatures
	2.3.2  Experimental results of shafts without metal core at different temperatures


	3  FINITE ELEMENT MODEL
	3.1  Determination of temperature-dependant material properties
	3.2  Loading, boundary, and mesh conditions
	3.3  Results and discussions

	4  CONCLUSION
	DATA AVAILABILITY STATEMENT

	REFERENCES


