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Introduction
Hollow shafts used to transmit power find its application in 

automotives, aerospace, cooling towers etc. Though most of drive 
shafts were manufactured from monolithic high-strength alloys [1], 
they possessed low power transmission efficiency due to their weight 
inertia [2]. With this regard, researchers worked on lighter and strong 
shaft materials to improve the efficiency of power transmission [3]. 
Advanced polymer composite materials appear extremely attractive 
due to their high strength-to-weight and high stiffness-to-weight ratios 
[4]. The polymer composite shafts enhance the efficiency of power 
transmission, but their mechanical properties degrade due to creep 
and fatigue loads during service [5]. To improve creep and fatigue 
resistance of the polymer composites under torsional conditions co-
cured composite shafts were investigated [6]. 

At the same time, local and general instability arising from the action 
of torsional loads often limited the loading capacity of composite shafts 
which limits their applications in power transmission [7]. Further fiber 
reinforced polymer (FRP) laminated hollow shafts exhibit significant 
buckling sensitivity to geometric shape imperfections, thickness 
variations and local ply-gaps [4] which lead to structural instability 
resulting in shear buckling. Stiffened cylinders such as filament wound 
tubes and fiber metal laminate (FML) cylinders were preferred due 
to their high energy absorption ability [8]. Thus, a combination of 
lightweight composite materials and stiffened structure efficiently 
enhances the load carrying capability and increases the shear buckling 
strength [9]. These composite shafts referred to as hybrid shafts or FML 
hollow shafts by some of the researchers eliminates the use of two-piece 
shafts [10], thus reducing the weight and increasing the efficiency of 
the structure. 

In this context, researchers developed hybrid shafts made of 
aluminum-carbon epoxy composites [10], steel-carbon epoxy 
composites [11], carbon-glass epoxy composites [8,12] etc., for 
optimizing the process parameters such as fiber orientation, FRP 
thickness, stacking sequence and number of layers. They found that the 
fiber orientation, stacking sequence and number of layers significantly 
influence the shear buckling behavior of hybrid composite shafts [13].

An efficient design of FML hollow shaft could be achieved by 
selecting a suitable combination of the above mentioned parameters, 

which are specified to minimize the chance of failure and to meet 
the performance requirements. This motivated the study of torsional 
buckling of FML hollow shafts made of Al-glass-epoxy composites by 
experimental and numerical approach. The objective of the work is to 
optimize the fiber orientation and FRP thickness for shear buckling 
behavior of FML hollow shaft.

Experimental Studies 
The FML hollow shaft was a cylinder with aluminum (Al) metallic 

liner of inner diameter 40 mm, 1 mm thickness and 300 mm length on 
which glass fibers reinforced with epoxy resin was wound at different 
orientations and thicknesses. Using filament winding machine, a total 
of twelve (three specimens of each orientation) FML hollow shafts were 
prepared with fibers wound at 0/90°, 60/30°, ± 45° and ± 55° orientations 
and thickness of FRP maintained at 1, 2 and 2.5 mm. The cured FML 
hollow shafts were subjected to torsional loading using a torsion testing 
machine which is as shown in Figure 1. The lengths of constraint region 
and the loading region were 25 mm and 30 mm respectively. The torsion 
testing machine can apply torque up to a maximum of 60 Nm. The 
torque applied on the FML hollow shafts was increased in steps of 2.5 
Nm with a static loading rate of 1 Nm per second till failure occurred 
due to shear torsional buckling. The mechanical properties of Al 6061 
[14] and glass-epoxy composite material [15] are listed in Table 1.

Numerical Solution
A numerical 3D-FE model was developed to replicate the 

experimental tests as well as to identify the main factors influencing 
shear buckling. Simulation has been carried out by using ANSYS 14.5 
finite element package.
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A detailed description of the steps involved in using the software 
for analysis of FML hollow shafts is described in the following section.

Element type and material properties

 The element type used was SHELL281 for both Al metallic 
liner and FRP. SHELL281 is suitable for analyzing moderately-thick 
shell structures. It has eight nodes with six degrees of freedom at each 
node: translations in the x, y, and z axes, and rotations about the x, 
y, and z-axes. This element may be used for layered applications for 
modeling composite shell structures. The mechanical properties needed 
are modulus of elasticity (E) and Poisson’s ratio (υ) for linear isotropic 
material i.e., aluminum and orthotropic properties for FRP.

Modeling and meshing

 Al metallic liner of 1 mm thickness is input as one layer, 
on which FRP of 0.25 mm thickness with respective winding angle is 
considered for the finite element analysis. The layer stacking sequence 
of 2 mm FRP wound on 1 mm Al metallic liner is shown schematically 

in Figure 2(a). A hollow cylinder was created using the option of solid 
cylinder and then deleting the volume and areas. This was done in 
order to maintain same displacement of the interface. Based on the 
convergence test the composite cylinder was meshed free as shown in 
Figure 2(b) with a maximum of 3145 nodes.

Constraints and loading

 On one end of the FML hollow shaft a length of 25 mm was 
constrained along all degrees of freedom, as shown in Figure 2(c). On 
the other end of the FML hollow shaft along a length of 30 mm (similar 
to the grips used in experimental tests) a torque of M=1 Nm was applied 
about Z-axis as shown in Figure 2(d). The torsional load was increased in 
steps of 1 Nm per second till the shaft buckled. The traditional approach 
to hollow shaft design was to predict the buckling load using a linear 
bifurcation buckling analysis with the nominal structural dimensions 
and material properties of an idealized geometrically perfect shell 
[4]. Static analysis and Eigen buckling analysis using Block Lanczos 
extraction method were performed in sequence to obtain the critical 
buckling torque. Static buckling was performed to determine the pre-
buckling deformation. The linear eigenvalue buckling analysis was used 
to determine buckling load – initial/critical load at which a structure 
becomes unstable and buckled mode shapes - the characteristic shape 
associated with a structure’s buckled response [16]. It only predicts 
the pre-buckling deformation, but does not solve the magnitude of 
deformation post buckling [17]. The results for all the FML hollow 
shafts with their respective orientation and thickness are discussed in 
the following section.

Results and Discussion
Effect of fiber orientation and FRP thickness on torque – 
experimental analysis

The experimental results of the FML hollow shaft subjected to 
torsional load were as plotted in Figure 3. The y-axis represent load 
while x-axis indicate relative angle of rotation with one end constrained 

 

FML hollow 
shaft 

Figure 1: Torsion testing machine with FML shaft.

Aluminum Value
Young’s Modulus 70 GPa
Poisson’s ratio 0.33
Specific density 2.7 g/cc
Glass/Epoxy composite Value
E1 53.48 GPa
E2, E3 17.7 GPa
υ12 0.278
υ23 0.4
υ13 0.278
G12, G23 5.83
G13 5.78
Density 2.1 g/cc

Table 1: Material properties of Aluminum (Al 6061-T6) and glass/epoxy composite.
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and torsional load applied at the other end. It was observed that the 
ultimate strengths of the repeated hollow shafts were similar. The FML 
hollow shafts buckle when they lost their stability, and the circular 
cross-section becomes ovoid. Based on the observations during the 
experimentation process and analysis of test data, the FML hollow shafts 
were considered to experience three stages under loading until failure. 
In the first stage, load applied on the shaft was absorbed by both the Al 
metallic liner and FRP, indicating elastic behavior of the metallic liner. 
Minor cracks occurred in the tension zone of FRP layer with increase in 
load. With propagation of crack, the FRP under tension gradually lost 
its strength. In the second stage, FRP in the tension zone completely 
lost its strength while the FRP in compression continue to resist the 
load. At the end of second stage, the Al metallic liner reaches yielding. 
In the third stage, the FRP in compression completely lost its strength 
and large deformation occurred in the compression zone of Al metallic 
liner. The outer FRP layers were taken out from the failed hollow shafts 
for observation of crack pattern. The angle between the crack and axis 
along the length of FML hollow shaft was approximately 40°. 

Thickness of FRP influences the buckling behavior of FML hollow 
shaft. It was observed that for a FML hollow shaft of FRP thickness 1 
mm, both the Al metallic liner and FRP failed simultaneously. Torsional 
buckling occurred at around 10°–15° angle of twist and torque reduced 
drastically once the FML hollow shaft experienced buckling. In FML 
hollow shafts of FRP thicknesses 2 and 2.5 mm, torsional buckling 
occurred beyond 15° angle of twist and cracking of FRP in different 
layers was observed before failure of the shaft. 

Effect of fiber orientation and FRP thickness on torque – 
numerical analysis

A linear eigenvalue buckling analysis estimates the maximum 
torque that can be supported prior to losing stability [16]. The numerical 
results of pre-buckling shear deformation of FML hollow shafts with 
0/90°, 60/30°, ± 45° and ± 55° fiber orientations and thickness of FRP 
1, 2 and 2.5 mm are as shown in Figure 4. The typical snap shots of 
torsional pre-buckling modes of FML hollow shafts are as shown in 
Figure 5. All the considered FML hollow shafts increase linearly up to 
shear buckling point. Though the shaft material was heterogeneous, 
torque was proportional to angle of twist similar to the behavior of 
isotropic material. This shows the linear behavior of Al metallic liner 
along with glass fibers reinforced with epoxy. It was observed that 
irrespective of FRP thickness FML hollow shaft of 0/90° fiber orientation 
exhibit maximum buckling strength. This was due to the fact that fibers 
oriented along 0° increase the axial strength and fibers oriented in 90° 
increase hoop strength thereby increasing the shear buckling strength 
[18] of the shaft.

For 10° angle of twist, the torque exhibited by FML hollow shaft of 
0/90° fiber orientation with FRP thickness 1, 2 and 2.5 mm was 6.54, 9 
and 10 Nm respectively. This indicates that torsional strength increased 
with increase in FRP thickness up to 2.5 mm.

In FML hollow shafts of 3 mm FRP thickness premature buckling 
occurred due to fiber pull-out and slipping of fibers in the outer layer. 
Also, the numerical analysis issued warnings stating the required 
radius-to-thickness ratio should be greater than 5. Extrapolation to a 
higher number of layers gives in general inaccurate results [19]. 
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Figure 2: FEA model of (a) Layer stacking sequence, (b) Meshing, (c) Constraining and (d) Loading of FML hollow shaft.
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(a)Thickness of shaft 
      Al-1mm, FRP-1mm 

(c)Thickness of shaft 
     Al-1mm, FRP-2.5mm 
 

(b)Thickness of shaft 
      Al-1mm, FRP-2mm 
 

Figure 3: Effect of fiber orientation and twisting angle on torsional strength 
of FML hollow shafts - by experiment.

Similarly, at 5° angle of twist irrespective of FRP thickness, the 
value of torque increased for FML hollow shafts of 60/30°, ± 45° and 
± 55° fiber orientation. This was attributed to the shear nature of fibers 
resulting in low strain-to-failure. The ductility of FML hollow shaft can 
be enhanced by increasing the thickness of FRP [20] or by choosing 
the fiber orientation that has a higher strain-to-failure [21]. On the 
other hand, the angle of ± 45° fiber orientation was used to obtain the 
maximum shear strength [18].

Increasing the thickness of FRP or number of layers increases 
the static torque capacities and angle of twist of FML hollow shafts as 
shown in Figure 6. The critical load is lower for a thinner shell and 
this buckling phenomenon agrees well with experiments which got the 
conclusion that the bifurcation torque and the stability losing torque 
increase with increasing shell thickness [22]. It was observed that as the 
thickness of FRP increased, the buckling torque increased exponentially 
due to increasing shear strength of the laminate due to increasing 
fiber modulus [12] as shown in Figure 6. The stiffness and strength of 
laminated glass fibers depend upon shear coupling between the glass 
plies through the polymer. The polymeric interlayers provide shear 
stresses that constrain the relative sliding of the glass fiber plies [19]. 
Similar behavior was observed in researches performed by [4,12,20]. 
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(a) Thickness of shaft 
    Al-1mm, FRP-1mm 

(b) Thickness of shaft 
        Al-1mm, FRP-2mm 
 

(c) Thickness of shaft 
       Al-1mm, FRP-2.5mm 
 

Figure 4: Effect of fiber orientation and twisting angle on torsional 
strength of FML hollow shafts - By FEA.

Figure 7 shows typical buckling modes of FML hollow shafts subjected 
to static torsion loading.

Comparison of experimental and numerical results

The numerical results of the effect of FRP thickness on buckling 
torque due to fiber orientation of FML hollow shaft were compared 
with the experimental results as shown in Table 2. The difference of 
buckling torque ranged from 3% to 29% for FML hollow shafts of FRP 
thickness 1, 2 and 2.5 mm. The average deviation was 6.5, 23.5 and 21.8 
for FML hollow shafts of FRP thickness 1, 2 and 2.5 mm respectively. 
These differences occur because in finite element analysis it is assumed 
that the FML hollow shaft is homogenous in terms of dimensions, 
material properties, fiber layers and winding pattern. While, through 
the experimental test homogeneity is never exactly the same throughout 
the positions in each FML shaft [20].

In FML hollow shafts of FRP thickness 1 mm, the experimental 
values were greater than FEA values. This indicates the material property 
of Al metallic liner dominating the structure and hence the shaft 
behavior is homogeneous. But, in FML hollow shafts of FRP thickness 
2 and 2.5 mm, the FEA values were greater than experimental values. 
The shaft behavior was heterogeneous due to the dominating material 
property of FRP. The Finite element model have no imperfection 
or any defect, hence the accumulation of shear stress in a band form 
explains the location where the buckling occurs or the location at the 
cross-section that was more susceptible to deflection due to a reduced 
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Figure 5: Typical Pre-buckling modes of FML hollow shafts under static torsion loading.

1 mm 2 mm 2.5 mm
Expt FEA % Deviation Expt FEA % Deviation Expt FEA % Deviation

0/90° 9.69 8.5 14 15.27 20 23.65 21.55 26 17.13
60/30° 9.39 8 17.38 13.31 18 26.08 19.82 24 17.43
± 45° 6.17 6 2.83 10.46 14 25.28 15.26 20 23.68
± 55° 5.52 6 8 10.93 13.5 19.03 13,43 19 29.28

Table 2: Comparison of experimental and numerical values of buckling torque (Nm) for different FRP thicknesses.

bending stiffness along the hoop direction [12].

Conclusion
Effect of fiber orientation and FRP thickness on the torsional 

buckling of FML hollow shafts was investigated experimentally and 
numerically. Based on this study, the following conclusions can be 
drawn:

• FML hollow shaft with 0/90° fiber orientation exhibit 
maximum buckling torque due to higher hoop strength.

• Buckling torque reduced as the orientation of fiber reduced 
from 90° to 0°, irrespective of FRP thickness.

• In FML hollow shaft of 1 mm FRP thickness, the Al metallic 
liner and FRP fail simultaneously without prior fiber failure.

• Breaking of fibers and cracks in FRP occur as the thickness 
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Figure 6: Effect of FRP thickness on torsional strength of FML hollow shafts.
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of FRP increases.

• The behavior of FML hollow shaft of 1 mm FRP thickness was 
homogeneous while FML hollow shafts of 2 and 2.5 mm FRP thickness 
was heterogeneous.

• The buckling torque and angle of twist increased with
increase in FRP thickness.

• In numerical analysis, all the considered FML hollow shafts
show a linear behavior until shear buckling load is reached.

• The experimental and FE results exhibited sufficient
agreement in comparisons of torque-angle of twist relations. 
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