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Abstract.  The manufacturing process has a significant influence on the product quality of filament 
wound composite parts. During the filament winding process, a large tensile load to the fibre was 
applied and maintained during resin curing, resulting in residual stress. This residual stress 
gradually relaxes due to the fibres’ slippage, the matrix’s crosslinking, and different coefficients 
of thermal expansion between composite parts and mandrels. As a result, increasing the number 
of layers becomes more problematic. In this work, a multiphysics analysis has been carried out to 
study the effect of the viscoelastic behaviour of the material on the rise of residual stress on thick 
cylinders. The multiphysics model was developed in COMSOL to predict the temperature 
distribution and the degree of polymerization during the consolidation process. The optimal cure 
profile was identified as a function of process parameters to minimize the thermal gradient within 
the composite element. 
Introduction 
Thanks to their high stiffness-to-weight ratios, corrosion resistance, and excellent design 
flexibility, filament wound cylindrical composite parts find extensive applications in the aerospace 
industry, offshore pipes, underwater vehicles, and high-pressure gas storage [1–4]. For this class 
of components, the manufacturing process would induce the rise of residual stresses, especially in 
case of the autoclave curing cycle, unavoidable residual stresses have been extensively 
documented as a potential hazard to composite structures [5–7]. Upon demoulding, part of these 
residual stresses is released, resulting in process-induced distortions. This can affect the 
dimensional accuracy of the composite part, and cause assembly issues, that could even result in 
the rejection of parts. In some applications the presence of an initial stress state can contribute to 
relief the working loads, therefore a tension state is applied during the winding process to induce 
a controlled prestress state. This prestress gradually relaxes as effect of chemical relaxation due to 
resin curing, and thermal relaxation depending on the temperature profile experienced during the 
process itself. 

For thick composite cylindrical structures, decoupling these factors aids in understanding the 
quantitative relationship between prestress and residual stress. In fact, the exothermic reaction of 
resin during the cross-linking process and the low thermal conductivity of material usually lead to 
an overshoot temperature peak and nonuniform distribution of temperature for thick laminate, 
resulting in residual stress, possible degradation of the composite and matrix cracks  [8,9]. 
Generally, the manufacturer’s recommended cure cycle may not be applicable for thick laminates, 
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therefore knowing the effect of the cure cycle on residual stress is necessary to reduce residual 
stresses and increase the mechanical performance of composite parts. Several studies have been 
conducted to predict the residual stresses in composite by numerical model, but many of these only 
focus on the material properties in the glassy state [7,10–12].  

In this paper, the cure kinetic properties of an epoxy TowPreg have been included in a 
multiphysics analysis for predicting residual stress. The proposed methodology involves two step 
analysis, the resin reaction during the cure including the exothermic heat generation and the 
thermomechanical behaviour when the resin is fully cured. An optimal cure profile has been finally 
identified by introducing two different dwells to retain the temperature overshoot below the 
degradation and to avoid temperature/degree of cure mismatches within the domain.  
Heat Transfer and Exothermic Cure Modelling 
A thermal model was developed to study the time variation of temperature and the degree of cure 
(DoC) of the thermosetting resin used to impregnate the carbon tow. The Equation governing heat 
transfer in the resin during the manufacturing process is [13]: 

ρCp
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𝑟𝑟
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(𝑘𝑘𝑟𝑟
∂T
∂r

)+
∂
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(𝑘𝑘𝑧𝑧
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)+ρ∆Htot
∂α
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 (1 − Vf) (1) 

Where T is the temperature, t is the time, ρ and Cp, are the composite material’s density and 
specific heat; kr and kz are the thermal conductivity in r and z direction, respectively. The third 
term of the equation (1) refers to the internal volumetric heat generation linked to the 
polymerization of the resin. ∆Htot and Vf indicates the total reaction enthalpy and the fibre volume 
fraction, while 𝜕𝜕𝜕𝜕 /𝜕𝜕𝜕𝜕 is the polymerization’s rate, which depends on the DoC (degree of Cure) 
and temperature (Eq.(2), Kamal and Sourour equation [14]. To resolve the time derivative of the 
DoC, an ordinary differential equation (ODEs) and differential algebraical equations (DAEs) 
nodes have been added to the heat transfer one.  

∂α
∂t

= k1 ∗ (1 − α)𝑛𝑛 + k2 ∗ αm ∗ (1 − α)𝑛𝑛 (2) 

Where n and m are the reaction orders of the four parameters model, while k1 and k2 are the 
rate constants defined by the Arrhenius expression:  

k1(T) = A1e−
𝐸𝐸1
𝑅𝑅𝑅𝑅 ; k2(T) = A2e−

𝐸𝐸2
𝑅𝑅𝑅𝑅 (3) 

 
Table 1. Kinetic Parameters estimated for the epoxy system considered. 

Parameter Value Unit 
A1 1.9e3 1/s 
A2 1.5 1/s 
E1 4.34e4 J/mol 
E2 7.5e5 J/mol 
n 1.42  
m 1.2  

∆Htot 350 kJ/kg 
R 8.314 J/(mol∙K) 

 
E is the activation energy, R is the gas constant (8.314 J/mol K), T is the absolute temperature 

(K), and A is the pre-exponential factor. The parameters 𝑚𝑚,𝑛𝑛,𝐴𝐴1,𝐴𝐴2,𝐸𝐸1,𝐸𝐸2 have been identified 
experimentally through Differential Scanning Calorimetry (DSC) tests on the material and 
reported in Table 1. 

In the ODE node, the resin kinetics (Eq.(2)) is represented by the equation (4):  
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f = 𝑒𝑒𝑎𝑎
∂2α
∂t2

+ 𝑑𝑑𝑎𝑎
∂α
∂t

 (4) 

Where 𝑑𝑑𝑎𝑎 is the damping term and is unity, while 𝑒𝑒𝑎𝑎 is the mass coefficient and is zero, 
indicating that the material is modelled starting from the uncured state. 

A 2D finite element model of the TowPreg polymerisation process for the autoclave cure cycle 
has been developed by the Comsol Multiphysics software. The following assumptions were 
considered in the model, both for the workpiece and the mandrel: (i) the density, the specific heat 
and the thermal conductivity were assumed constant; (ii) the material was set homogenous and 
transversely isotropic, and (iii) the heat transfer between the workpiece and the mandrel was taken 
into account.  

The CFRP and mandrel properties used in the FE model are listed in Table 2. The density of 
the CFRP and the thermal capacity were obtained from data reported in the literature [15,16], while 
the thermal conductivity was obtained by the mixture rule:  

1
𝑘𝑘𝑐𝑐

=
𝑉𝑉𝑓𝑓
𝑘𝑘𝑓𝑓

+
𝑉𝑉𝑚𝑚
𝑘𝑘𝑚𝑚

 (5) 

𝑘𝑘𝑐𝑐 = 𝑘𝑘𝑓𝑓𝑉𝑉𝑓𝑓 + 𝑘𝑘𝑚𝑚𝑉𝑉𝑚𝑚 (6) 

Where kC, kf and km indicate, respectively, the composite’s, fibres, and matrix thermal 
conductivity. 

 

Table 2. Thermal properties of the CFRP component and aluminium mandrel used in the 
thermomechanical simulation. 

Material  Parameter Value Unit Description 

Aluminum 

ρAl 2700 kg/m3 Density 
CpAl 900 J/(kg∙K) Specific Heat  

kr,Al= kz,Al 1.2e-5 W/(m∙K) Thermal conductivity 
EAl 69 GPa Young modulus  
vAl 0.3 - Poisson modulus 

CFRP 

ρC 1820 kg/m3 Density 
CpC 1200 J/(kg∙K) Specific Heat  
kr,C 1 W/(m∙K) Thermal conductivity 
kz,C 200 W/(m∙K) Thermal conductivity 
Er,C 8 GPa Young modulus, radial axis  
Ez,C 94 GPa Young modulus, z axis 
vC 0.3 - Poisson modulus 

 
Figure 1 shows the surfaces where thermal boundary conditions have been applied in the model. 

All the external surfaces of the mould and the part were exposed to the autoclave flux and 
temperature with an initial condition of Troom at 20°C. The convective coefficient within the 
autoclave was set up according to the literature available data [17,18]. The mandrel is plugged by 
the rack holder therefore the air inside could be considered in no flow condition. 



Material Forming - ESAFORM 2024  Materials Research Forum LLC 
Materials Research Proceedings 41 (2024) 2740-2750  https://doi.org/10.21741/9781644903131-300 

 

 
2743 

 
Figure 1. Boundary Conditions for the Thermal Analysis. 

In order to take into account, the heating generated by the polymerisation process, an additional 
heat source has been considered for the composite part. Two different temperature profiles were 
investigated to optimize the curing cycle to minimize the residual stress occurring in the 
workpiece. The first one, shown in Figure 2a, consists of a heating ramp from Troom to 120°C at 
1.5°C min and a dwell time of 120 minutes, and then a cooling ramp of 2°C/min. The optimized 
curing cycle consists of an initial temperature of 20 °C and DoC of 0.0001. Then the temperature 
increases to 90°C with a temperature raising rate of 1.5°C/min. Then, a first holding stage of 120 
min is applied. 

After the dwell, the part is heated at 1.5 °C/min to 120°C to the second holding stage. After 
that, the laminate is heated at 120°C for 60 min. At last, the temperature drops to 20°C at 2 C°/min. 
Figure 2 shows the thermal cycle considered.  

 

 

a) b) 
Figure 2. a) Standard thermal cure cycle; b) Optimized thermal cure cycle 

Coupled Heat Transfer and Mechanical Analysis  
Thermo-mechanical properties of composite material are influenced by the interaction between 
fibres and matrix. In the present analysis, the thermo-mechanical properties have been 
characterized by experimental tests on the composite ply. Constitutive equation was therefore 
written at macro-level homogenized scale. To calculate the temporal evolution of the stress, the 
mechanical equilibrium equations have been imposed on the whole laminate,  

𝛁𝛁 ⋅ 𝑺𝑺 + 𝒃𝒃 = 0 (7) 
Where 𝐛𝐛 is the body force vector, neglected in the present analysis. In cylindrical coordinates, 

the mechanical equilibrium equations, considering also the axial symmetric conditions, are given 
by:  

Autoclave flow

no flow condition inside the mandrel

CFRP part

mandrel
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Boundary conditions require radial stress to be the opposite of autoclave chamber 
environmental pressure 𝑝𝑝(𝜕𝜕) and absence of tangential stress on the external laminate surface: 

𝜎𝜎𝑟𝑟(𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 , 𝜕𝜕) = −𝑝𝑝(𝜕𝜕), 𝜏𝜏𝑟𝑟𝜃𝜃(𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 , 𝜕𝜕) = 0, 𝜏𝜏𝑟𝑟𝑧𝑧(𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 , 𝜕𝜕) = 0 (11) 
Where 𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  is the external radius of the composite part. A scheme of the mechanical boundary 

conditions imposed is reported in Figure 3. 
These boundary conditions are then coupled with the thermal fields evaluated according to the 

previous paragraph. The mechanical analysis (eq. 7-8) is run coupled with the thermal analysis 
(eq.1) during the cooling stage by assuming as boundary condition the temperature distribution at 
the end of dwell stage at 120°C.  

 
Figure 3. Mechanical boundary conditions 

Results and Discussion 
The standard cure cycle consists of a warmup to 120°C at 1.5 °C/min and a dwell time of 120 
minutes, Figure 4 shows the temperature profile predicted by the model.  Epoxy exothermic 
reaction results in temperature overshoots; the analysis of three different sections th=0, th=7.5 and 
th=15, namely the mandrel CFRP interface, the middle section and the external surface, shows 
temperature higher than the autoclave ambient profile. In addition, there is a temperature gradient 
within the cylinder, inside the CFRP part (between outer and inner radius) a difference of 20°C 
has been evaluated, with an average overshoot of 30°C with respect to the nominal temperature. 

Overshooting is the typical behaviour of thick thermoset composite cylinders since high 
thickness slows down heat dissipation due to the low thermal conductivity of the composite [19]. 
Even if the temperature reaches a uniform distribution after 30 minutes, a dwell time of 120 min 
is needed to achieve the complete conversion all over the cylinder (Figure 4a). Figure 4a shows 
the trend of the DoC (α) vs the thermal cycle. At the end of the curing cycle, the resin reaches a 
value of α = 0.95 (vitrification state), which is conventionally indicated as the complete conversion 
of the material. Nonetheless, due to the different temperature distribution the inner and outer 
surfaces of the part show a different DoC that leads to the stresses built up. Internal stresses 
developed inside the part are a consequence of coupling chemistry, thermal distribution, and local 
stiffness.  
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The polymers start to transfer loads when gelation occurs. A DoC in the range of 0.5 and 0.7 
identifies gelation and vitrification respectively.    
 

 

 

 
Figure 4. a) Degree of Cure (α) vs thermal cycle for point at different radii; b) Temperature 

profile vs thermal cycle at different radii (th=0 mm, th =7.5 mm and th= 15 mm).  
As reported in Figure 4 within the part there is a variation in DoC, which leads to the formation 
of a differential stress field inside the part raising residual stresses at the end of the cycle.  

Figure 5, reproduces the DoC map at 40 minutes, which identifies the critical situation when 
each point inside the part can carry loads (all the domain reached vitrification Doc>0.7) but with 
functionally graded properties, the maximum difference between points at different degrees of cure 
is:  

∆= 𝐷𝐷𝐷𝐷𝐷𝐷𝑚𝑚𝑎𝑎𝑒𝑒 − 𝐷𝐷𝐷𝐷𝐷𝐷𝑚𝑚𝑚𝑚𝑛𝑛 ≅ 0.174 (12) 
 

 
Figure 5. DoC distribution within the domain (adimensional axis) The x-axis indicates the 

adimensional axial length of the CFRP cylinder (l= y/250 mm), while the y-axis indicates the 
adimensional thickness (th = x/15 mm). 

Figure 6 reproduces the stress distribution along the cooling stage, evaluated by coupling 
thermal and mechanical analysis. The temperature superimposed in each graph is related to the 
interface between mandrel and CFRP, while stresses are estimated at different sections: th=0 mm, 
th=7.5 mm, th=15 mm corresponding to different radius, namely th=0 is the interface between 
mandrel and CFRP; th=15 is the external surface of the CFRP. 
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a) b) 

 

c) 
Figure 6. Stress and Temperature evolution at different radii, a) hoop, b) axial, c) radial. 

The initial stress state at the precompression on the axial and tangential relaxes during the 
cooling stage of the axial stresses (Figure 6b).  

Aiming to reduce the chance of residual stress formation, a different cure profile has been set. 
The rationale for defining the new profile is to minimize the degree of cure gap among the CFRP 
part (∆ function). A second constraint included in the optimal profile search is to minimize the 
temperature overshot to avoid the system reaching degradation stages.  

Figure 7 depicts the DoC variation and the Temperature fields related to a double-stage cure, 
where a first dwell is set at 90°C for 2 hours and 30 minutes at 120°C. Numerical predictions 
indicate a lower overshoot (15°C) in the first dwell, and all over the cylinder, the maximum 
temperature reached is below the nominal cure temperature of the material (120°C).  
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a) b) 
Figure 7. a) Degree of cure (α) and (b) Temperature profile vs thermal cycle optimized at 

different radii of the CFRP part (th=0 mm, th= 7.5 mm and th= 15 mm) 
In addition, the DoC gradient inside the material is negligible, resulting in a reduction of 

properties mismatching (Figure 8).  

 
Figure 8. DoC distribution within the domain (adimensional axis). The x-axis indicates the 

adimensional axial length of the CFRP cylinder (l= y/250 mm), while the y-axis indicates the 
adimensional thickness (th = x/15 mm). 

The comparison between stress distribution related to the standard cure cycle and the optional 
one led to a reduction in hoop stresses. The two step cure led to a smooth stresses gradient during 
the cure since a homogenous state of cure is achieved during the cycle. The hoop stress at the end 
of the cycle results in a precompression in the winding direction which should be balanced by 
prestressing the fiber during manufacturing. The study of axial stresses related to the standard 
cycle shows a risk of delamination since the maximum stresses are achieved inside the CFRP 
cylinder (shear stresses in the plan z, theta). 
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a) b) 

 

c) 
Figure 9. Stress and Temperature evolution at different radii, a) hoop, b) axial, c) radial. 

The new cycle implies a reduction of interlaminar stresses, and an increase of compression is 
predicted at the interface between CFRP and mandrel. The latter phenomenon could depend on the 
boundary conditions and additional work should be addressed for overcoming the no-slip condition 
at the interface. 
Conclusion  
During thermo-set composites manufacturing, highly exothermic polymerization reaction and low 
heat dissipation rate due to material, lead to the development of thermal and residual stresses, 
especially in thick laminates, where non-uniform cure degree due to thermal gradients may also 
reduce material final effectiveness. In the present work, a numerical model to analyze the autoclave 
composite cylinder manufacturing process was developed and embedded in multiphysics software. 
Based on the Finite Element Method (FEM), the model considers temperature and cure dependent 
viscoelastic anisotropic behaviour of composite material and tool–composite interaction. Heat 
transfer analysis based on cure kinetics of the employed matrix was performed to assign thermal 
load for structural simulations. Experimental characterization of the thermal properties of the 
employed matrix was carried out by performing typical DSC tests.  

In this paper, a multistep analysis, for predicting stress formation during the cure cycle of thick 
composite cylinders, was carried out. The thermal analysis was set to include the cure kinetics of 
the epoxy and to study the cure evolution within the domain. Subsequent analysis is executed by 
accounting for the thermomechanical properties during the cooling stage accounting for final 
stresses. 
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An optimal cure cycle has been identified by minimizing the ∆ function which represents the 
maximum DoC difference within the domain. The optimal cycle led to a reduction in temperature 
overshoot and dramatically reduced the risk of delamination inside the CFRP cylinder. 
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