Vol. 4, No. 2, pp. 205-218, Year 2026

) Journal of Science and Technology in Mechanical Engineering

Journal Homepage: https://stmechanics.bmtc.ac.ir/?lang=en

DOI: 10.22034/stme.2025.544309.1165

Buckling and Post-Buckling Analysis of Composite Pipe Reinforced with Shape

Memory Alloy under Internal Pressure
, Seyyed Morteza Seyednejad 3

Alireza Pourmoayed 12, Mohammadali Ranjbar 2

1. Associate professor, Department of Mechanical Engineering, Khatamul-Anbiya Air Defense University, Tehran, Iran
1. Assistant professor, Department of Mechanical Engineering, Khatamul-Anbiya Air Defense University, Tehran, Iran
1. M.Sc, Department of Mechanical Engineering, Iran University of Science and Technology, Tehran, Iran

Abstract

This study investigates the buckling and post-buckling behavior of composite pipes
under internal pressure, with a focus on the effect of embedding NiTi wires with shape
memory alloy (SMA) effect on improving mechanical capacity and controlling post-
buckling. The pipes were made of carbon/epoxy composite (T300/5208) and fabricated
using a filament winding process with a [-55/55] layup. Shape memory wires under 5%
prestrain were embedded in multiple layers to provide compressive force against
residual tensile stresses caused by curing and to enhance the mechanical performance
of the tubes. Three models were analyzed using Abaqus software: a pipe without SMA
and internal pressure, a pressurized pipe without SMA, and a pressurized SMA-
reinforced pipe. Buckling analysis using a linear perturbation solver and examining the
first five buckling modes was performed; then, post-buckling analysis using a general
nonlinear static solver and applying initial deflection according to mode | was
performed. The results showed that the presence of the memory wire increased the
critical buckling force by less than 1% and increased the internal pressure capacity of
the pipes by 20%, without negatively changing the post-buckling behavior under
internal pressure. These findings indicate that the use of shape memory alloys can be
an effective and practical solution for improving the mechanical performance and
increasing the pressure capacity of composite pipes, especially in industrial applications
and advanced structures.
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1- Introduction

The increasing demand for carbon-fiber-reinforced
polymer (CFRP) materials in  aerospace,
automotive, and oil and gas industries highlights the
necessity of reliable and cost-effective design and
simulation approaches. In the design of composite
pressure vessels and pipes, achieving minimal
thickness while maintaining maximum internal
pressure capacity remains a key challenge, as
weight reduction directly influences production,
transportation, and installation efficiency.

Numerous analytical and numerical studies have
investigated the buckling and post-buckling
behavior of multilayer composite cylinders under
complex loading conditions, including internal and
external pressure, axial forces, and thermal effects.
Previous research has shown that fiber orientation,
laminate sequence, and manufacturing
imperfections  significantly  affect  buckling
resistance and post-buckling stability. However,
traditional composite structures often suffer from
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residual tensile stresses generated during curing,
which can compromise their load-bearing capacity.

Embedding pre-strained shape memory alloy
(SMA) wires into composite laminates offers a
promising method to actively counteract these
residual stresses and improve mechanical
performance. The present study numerically
investigates the influence of NiTi SMA
reinforcement on the buckling and post-buckling
behavior of composite pipes under internal pressure
using Abaqus finite element simulations. The
results provide insight into the potential of SMA
integration for enhancing structural stability and
pressure-bearing capacity in advanced composite
applications.

2- Modeling and Solution Method

In this section, the governing theory describing the
mechanical behavior of composite pipes and shape
memory alloys (SMAs) is first presented.
Subsequently, the numerical modeling approach
developed to analyze the behavior of SMA-
reinforced composite pipes is described in detail.

2.1 Mechanical Properties of T300/5208

To analyze the mechanical response of thick-walled
composite pipes under internal pressure, the
analytical method proposed by Bohafas [1] was
employed. In this approach, the radial and hoop
stresses in each layer are determined by satisfying
the interlaminar boundary conditions between
adjacent layers. The mechanical properties of the
T300/5208 carbon/epoxy composite used in the
present study are summarized in Table 1.

Table 1: Mechanical Properties of T300/5208[1]

Strength

Poisson’s ratio (MPa)

Elastic modulus (GPa)

El E2 E3 G12 V12 Vi3 V32 Y Y”

181 103 103 717 028 028 059 40 246

2.2 Behavior of Shape Memory Alloys

Shape memory alloys (SMASs), in addition to
conventional mechanical and thermal properties
such as Young’s modulus, Poisson’s ratio,

coefficient of thermal expansion, and specific heat
capacity, exhibit unique characteristics associated
with the martensite and austenite phases. The
thermomechanical  properties of NiTi are
summarized in Table 2.

A finite element model of the composite pipes and
shape memory alloy (SMA) wires was developed in
Abaqus. The main steps are as follows:

Geometry and material definition: The pipes were
created, and the T300/5208 properties were
assigned according to Table 1. SMA wires were
modeled using a user-defined UMAT subroutine
[3], based on the NiTi properties listed in Table 2.

Table 2: Mechanical and thermomechanical properties of

NiTiNOL [2]
Parameter Denoted by Magnitude

Elastic Stiffness of the Enm 19.14 GPa
martensite

Elastic Stiffness of the Ea 37.43 GPa
Austenite

Poisson's ratio (equal for vy 0.33
both phases)
Coefficient of thermal Cm 29 MPa°C™!
expansion for the

martensite

Coefficient of thermal Ca 21.74 MPa°C™?

expansion for the austenite

Martensitic finish Mg 18°C
temperature
Martensitic start Ms 33°C
temperature
Austenitic start temperature As 45°C
Austenitic finish A¢ 75°C
temperature

SMA placement: The wires were embedded
helically within the composite layers with a
diameter of 60 mm and a pitch of 5 mm. A pre-strain
of 5% was applied to the wires, and the components
were assumed to be stress-free at the furnace
temperature.

A linear perturbation solver was employed to
perform the buckling analysis and determine the
critical loads for the first five modes. Boundary
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conditions were applied with one end fully fixed and
the opposite end constrained only in the axial
direction. Figure 1 illustrates the displacement
contour perpendicular to the pipe axis under Mode |
buckling. In this figure, the pressurized pipe,
subjected to an initial imperfection based on the first
buckling mode and axial loading, exhibits post-
buckling behavior. The pipe under internal pressure
was analyzed with simple support conditions (one
end fully fixed, the other end free in the axial
direction) while subjected to axial load.

Figure 1: Displacement contour of the pressurized pipe
under post-buckling conditions

The primary objective of the modeling was to
investigate the effect of embedded shape memory
alloy (SMA) wires and their pre-strain levels on the
pressure capacity and reduction of twisting in
composite pipes. Upon activation of the SMA wires
after curing and cooling, the shape memory
recovery force helps to alleviate residual stresses
and improve the buckling behavior.

3- Results

To investigate the effect of the shape memory alloy
(SMA) on the internal pressure capacity of the
composite pipe, the wire winding diameter was
considered as a variable in the first stage. Helical
SMA wires were embedded within the composite
layers with diameters of 55, 60, 65, and 70 mm.

Table 3: Critical buckling loads of the first five modes for the pipe
without shape memory alloy and without internal pressure

Mode Buckling Load (N)
1 3495408.75
2 3495408.75
3 8309028.75
4 8309028.75

W

12579625

Table 4: Critical buckling loads of the first five modes for the pipe
without shape memory alloy under internal pressure

Mode Buckling Load (N)
1 3412296.88
2 3412296.88
3 8233080
4 8233080
5 12510937.5

Table 5: Critical buckling loads of the first five modes for the
SMA-reinforced pipe under internal pressure

Mode Buckling Load (N)
1 3440851.25
2 3440851.25
3 8288913.13
4 8288913.13
5 12581587.5

The results of Table 3, corresponding to the baseline
composite pipe without SMA and internal pressure,
were used as a reference. Comparison with Table 4
shows that applying 10 MPa internal pressure
slightly reduces the critical buckling loads for the
first five modes. Table 5 presents the SMA-
reinforced pipe with 70 mm winding diameter and
10 mm pitch under the same pressure, showing a
minor increase in critical loads and improved
buckling behavior. Post-buckling analysis of the
three pipe configurations was conducted using
initial imperfections from Mode | and a nonlinear
static solver. Figure 2 illustrates that SMA wires
reduce twisting, enhance post-buckling stability,
and increase load-bearing capacity under internal
pressure. These findings confirm that SMA
reinforcement improves  the mechanical
performance of composite pipes without negatively
affecting critical buckling loads. Future studies may
explore axial SMA placement to further enhance
axial buckling and post-buckling response.
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Figure 2: Comparison of post-buckling results for the three pipe
specimens under FEM analysis

As observed in Figure 2, the presence of shape
memory alloy (SMA) wires causes a minor change
of less than 1% in post-buckling behavior, and the
examined models behave nearly identically.
Therefore, it can be concluded that SMA
reinforcement successfully enhances the internal
pressure capacity of the pipes without adversely
affecting  post-buckling  performance.  This
demonstrates the practical and safe applicability of
SMA wires for improving the mechanical
performance of composite pipes under internal
loading.

4- Conclusion

The influence of shape memory alloy (SMA) wires
on carbon/epoxy composite pipes under internal
pressure was investigated using a validated 3D
finite element model. SMA wires, embedded as
secondary reinforcement between layers, were
studied with varying diameters and winding pitches.
Results showed that SMA inclusion slightly
increased the critical buckling load (<1%) and

improved post-buckling behavior. Post-buckling
analysis with initial imperfections indicated no
adverse effect on axial response. Comparison of
pipes without SMA, with pressure, and SMA-
reinforced under pressure revealed minor
enhancements in buckling and post-buckling
performance. Wire geometry directly influenced
stability, with 70 mm diameter and 5 mm pitch
yielding the highest improvement (~1%). The study
demonstrates that SMA reinforcement can
effectively enhance internal pressure capacity
without negatively affecting structural stability,
providing a reliable tool for the design and
optimization of composite pressure vessels.
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