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 A B S T R A C T

Polyvinyl chloride (PVC) forming operations are typified by large deformations, free-surface condition, complex 
conjugate heat transfer, and intricate contact phenomena. This study focuses on numerical modelling of the 
forming process that occurs beneath the butt-joint welding of polymeric profiles to offer a comprehensive 
understanding of how process parameters and boundary conditions influence the final weld. Numerical simu-
lations are based on arbitrary and coupled Lagrangian and Eulerian models, which incorporate viscoelasticity, 
heat transfer, external forces, and free-surface flow. Due to the extensive temperature range encountered 
during the process, during heating the material transitions from a linear elastic state to a low-viscosity fluid. 
Consequently, the model has been developed to simultaneously solve for both solid and free-surface fluid 
conditions, and PVC has been modelled as a temperature-dependent viscoelastic solid, exhibiting Newtonian-
like fluid characteristics under high temperatures. The proposed numerical solution methodology is employed 
to offer insights into the physics of the butt-welding process, widely utilised within industry. Two distinct 
configurations have been modelled to study material flow during the process: with and without a rigid constrain 
that prevents the material from moving freely upwards. These simulations aim to illuminate the impact of 
boundary conditions and physical constraints on the welding process and material behaviour.
Introduction

The welding of thermoplastic polymers is a key process in numer-
ous industrial applications, ranging from automotive to construction, 
owing to the materials’ versatility, low cost, and ease of processing. 
Among these, polyvinyl chloride (PVC) is widely utilised due to its 
favourable mechanical and chemical properties. However, the inherent 
low thermal conductivity of PVC presents significant challenges during 
welding, often resulting in steep thermal gradients and the need for 
precise control of process parameters to ensure high-quality welds.

A significant impetus for the widespread use of PVC has been its 
ease of joining, achievable through a number of different processes and 
techniques (Jin et al., 2014). Numerous studies in the literature focus 
on the joining of thermoplastics in general, including PVC, through 
adhesives, fastenings, or welding (Silva et al., 2021). However, only 
few studies address the numerical simulation of such joining processes, 
particularly with respect to welding, which is the primary focus of this 
work.

Butt-joint welding is a common technique employed for joining 
thermoplastic profiles. This process involves heating the profile edges 
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to their melting temperature, followed by pressing the molten surfaces 
together to form a strong joint upon solidification. While this method 
is effective, the complex interplay between heat transfer, material flow, 
and mechanical deformation makes the prediction and optimisation 
of welding outcomes highly challenging. The thermomechanical be-
haviour of PVC, which transitions from a linear elastic solid at room 
temperature to a low-viscosity fluid at elevated temperatures, further 
complicates the process.

Most of the research presented in the literature concerns the nu-
merical modelling of thermoplastic welding, specifically using the Laser 
Transmission Welding (LTW) technique. Notably, significant contribu-
tions have been made by Prof. Van de Ven and his collaborators (Van 
De Ven and Erdman, 2007a,b,c,d). They developed a proprietary nu-
merical model based on the first principles of heat transfer, employing 
the energy balance method to calculate the temperature at nodes 
within the material and perpendicular to the direction of laser travel. 
Additionally, the joining pressure at the interface between the two parts 
to be welded is considered. Their model accounts for radiation and 
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convection to the surroundings, conduction within each material, and 
contact conduction between the two parts. This model has been shown 
to provide acceptable agreement with experimental validations in terms 
of welding depth.

While LTW is widely used, it is not always feasible or sustain-
able, making Friction Stir Welding (FSW) a more frequently preferred 
alternative. Researchers have developed three main approaches to 
model thermoplastic FSW, based on thermal analysis, structural me-
chanics, and Computational Fluid Dynamics (CFD) (Iftikhar et al., 
2022). However, these models still lack accuracy due to the com-
plexity of the physics involved in FSW, primarily stemming from 
the challenges in determining material properties during the process. 
Another viable method is Ultrasonic Welding (UW), in which ther-
moplastics are welded by concentrating heat at the interface through 
the application of ultrasound pulses (Bhudolia et al., 2020). Zhang 
et al. (2010) developed a Finite Element Method (FEM) model for 
UW that uses the generalised Maxwell solid model for thermoplas-
tics, with temperature-dependent properties implemented via segment 
time–temperature equivalency equations. They performed simulations 
using ANSYS APDL and compared the results with experimental data, 
demonstrating good agreement. Tutunjian et al. (2020) proposed a vari-
ant of the classic process, called Differential Ultrasonic Spot Welding 
(DUS), which aims to reduce or eliminate spot marks. The authors 
modelled the process using an explicit mechanical 3D FEM analysis 
to assess the presence of focused friction due to slippage at the weld 
zone and to provide a comprehensive understanding of the dynamic 
deformation behaviour of the laminates.

The present work focuses on a different welding technique, the butt-
joint welding process, that is suitable for thermoplastics such as PVC, 
and commonly used in the window-making industry. PVC windows 
are built by butt-welding bars at the window’s corners, and it is a 
delicate process, that must ensure strength as well as meet aesthetic 
standards. Performing a good weld is crucial for the product, and aim 
of this paper is to dig into the process and provide useful informations 
on how parameters affect the final outcome. This technique involves 
the use of heated blade(s) that bring the two mating surfaces to be 
joined slightly above their melting point. Once the surfaces reach the 
optimal temperature, the heating blade is removed, and the surfaces 
are brought into contact and pushed together. As the temperature 
cools, the two parts become firmly joined. To the best of the author’s 
knowledge, no other work currently exists in the literature addressing 
the numerical modelling of this process, relevant also for a number of 
different applications, such as pipes, and plastic frames. This gap in the 
literature is the focus of the present study.

More in detail, we present a multiphysics numerical model for 
simulating the butt-joint welding process of PVC profiles. The model in-
corporates the coupled effects of heat transfer, viscoelastic deformation, 
and free-surface flow to capture the complex behaviour of PVC across 
a wide temperature range. By solving the simultaneous solid and fluid 
mechanics of the material, the model provides detailed insights into the 
influence of various process parameters on weld quality.

A critical aspect of the butt-joint welding process is the aesthetic and 
functional quality of the weld. The formation of visible defects, such 
as material overflow or incomplete fusion, can significantly impact the 
overall quality of the joint. Process parameters such as heating time 
and mating velocity have been identified as key factors influencing 
weld quality. Despite extensive experimental studies on thermoplastic 
welding, the high cost and time associated with physical trials high-
light the need for predictive numerical models to optimise the process 
efficiently.

The numerical framework is applied to investigate the effects of 
mating velocity, heating time, and the presence of rigid walls on the 
weld’s morphology and integrity. Furthermore, experimental validation 
of the model is conducted through collaboration with GRAF Synergy, an 
industry partner specialised in thermoplastic welding technology. The 
2 
Fig. 1. Schematic representation of the PVC welding process from top to 
bottom: (1) heating phase; (2) mating phase to bring samples into contact; 
(3) welding phase.

experimental data, obtained using a modified industrial welding ma-
chine, are compared with numerical predictions to assess the model’s 
accuracy and reliability.

The findings of this study underscore the importance of numerical 
simulations as a powerful tool for optimising the welding process of 
thermoplastic materials. By providing a deeper understanding of the 
underlying physics, this work contributes to the development of more 
efficient and reliable welding methodologies, ultimately enhancing the 
performance and durability of thermoplastic joints.

Problem assessment

This work addresses the butt joint welding process of PVC bars. 
Gaining a deeper insight into the physics underlying this process and 
developing a predictive tool is of great interest to the industry, as it 
is employed in a wide range of applications. The butt joint welding of 
polymeric profiles is an extremely common process. Similar to other 
polymers, PVC welding does not involve the introduction of external 
material, as the joining mechanism relies on autoadhesion (Vendan 
et al., 2019); that is, the original material of the components being 
welded forms the welding bevel.

Fig.  1 shows a schematic representation of the butt joint welding 
process for two PVC bars, which present a chamfer on the upper 
surface, the role of which is detailed later. The figure illustrates the 
main operations required to perform the butt welding of a thermo-
plastic polymeric profile. In the first phase, the two polymeric profiles 
are heated above the melting temperature using a heating blade. The 
heated material then forms the welding bevel. In the second phase, 
the heating blade is removed, and the two polymeric profiles are 
advanced to mate and initiate the welding process. During this phase, 
no additional heat is introduced, and the temperature drops rapidly, 
leading to the re-solidification of the material. It is crucial to mate the 
profiles within a short time to avoid local inconsistencies. Finally, in 
the third phase, the two profiles are pressed together to form the butt 
joint. The molten material flows, and the primary aim of this work is 
to assess the influence of process parameters on the propagation of the 
material.

As previously described, PVC bars are typically butt-welded using 
a hot blade, with its temperature adjusted to be as high as possible 
to minimise overall welding time. However, it is kept low enough to 
minimise the emission of Hydrochloric Acid (HCl), which is hazardous 
to both people and the environment. Unless specific strategies are 
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implemented in the welding process, a portion of the molten material 
may flow over the external surface, compromising the aesthetics of the 
weld. A mechanical process is then required to finalise the weld.

An outstanding example where the aesthetics of the weld are 
paramount is in the production of PVC window frames, which are 
composed of a series of butt-joined profiles. One of the most com-
monly employed strategies to finalise the welding is to mechanically 
remove the excess material before the welding starts, typically through 
a millimetre-sized square or angled chamfer. Chamfering plays an 
essential role in improving the aesthetics of the welded joint also by 
confining the excess molten PVC expelled during welding and therefore 
reducing or eliminating for post-weld trimming, which is undesirable 
because it leaves visible marks on the frame. Although PVC profiles are 
cut at 45◦ to produce a final 90◦ corner, this machining step does not 
alter the welding mechanism. The two profile ends are aligned without 
relative shear motion, and the process remains a true head-to-head 
welding, regardless of the angle at which the profiles meet. Another 
viable strategy to improve the aesthetics of the weld is to optimise the 
welding process itself, guiding the molten material to flow in prescribed 
directions so that the bead weld is hidden within, or grows in specific 
areas. One of the objectives of this work is to model the material’s 
behaviour during the welding process and to identify the factors that 
drive its flow.

The operative settings considered in this study are relevant to 
industrial applications, particularly the welding of PVC profiles in the 
window-making industry. These parameters include the heating tem-
perature, which ranges from 240 to 250 ◦C, the mating velocity, which 
under operating conditions falls between 0.05 and 0.4 mm/s, and the 
heating time, which is in the order of 30 s. Since these parameters are 
numerous and tuned as a function of the operative conditions specific 
to each machine and vary with the shape of the mating profiles, it 
is impractical to study the variation of all of them comprehensively. 
We will therefore focus on a given profile geometry, fixing the heating 
blade temperature to 250 ◦C, while investigating the influence of the 
most relevant parameters affecting the quality of the weld, such as the 
mating velocity and the boundary conditions.

PVC material behaviour

The mechanical properties of PVC are highly temperature-dependent
When the temperature of PVC is below its glass transition temperature 
(𝑇𝑔), around 80 ◦C, the polymer is hard and brittle, exhibiting the 
characteristic behaviour of rigid plastic materials. However, when the 
polymer is heated above 𝑇𝑔 , it may undergo large deformations under 
the action of a constant load. Its behaviour transitions from glassy to 
rubbery, that is, from a brittle, purely elastic response to a viscoelastic 
one (Tomaszewska et al., 2021).

The viscoelastic behaviour of PVC consists of both instantaneous de-
formation (elastic effect) and continuous deformation (viscous effect), 
with the latter varying over time. The viscous and elastic proper-
ties of the polymer vary within the temperature range of 77 ◦C to 
about 250 ◦C, with viscosity decreasing significantly as temperature 
increases. Moreover, below a certain shear rate, molten PVC behaves 
as a Newtonian fluid, while at higher strain rates, typically of the 
order of 10−1 s−1, strain rate effects emerge. In this regime, the viscosity 
decreases with increasing shear rate, similar to shear-thinning non-
Newtonian fluids (Cao et al., 2019). In this paper the PVC viscosity has 
been modelled through a simplified approach which takes into account 
only the temperature variation, as better detailed in the following 
section.

The upper temperature limit to which PVC can be heated depends 
on the polymer’s degradation rate, which increases with tempera-
ture. The threshold for initial decomposition occurs at approximately 
257 ◦C (Kök et al., 2008; Nisar et al., 2018). The viscous characteristics 
of PVC are closely related to the shear rate and are also responsible for 
3 
creep. Creep is a mechanical phenomenon in which strain gradually in-
creases with time under a constant load. Even though the deformations 
in molten PVC are primarily governed by viscous flow, the material 
still maintains a non-negligible stiffness, and elastic deformations can 
be significant as well. Therefore, the material model for PVC at high 
temperatures behaves as a combination of a solid and a viscous fluid.

Numerical model

The welding process of polymers falls within the domain of ther-
momechanical coupling, as it involves not only heat transfer but also 
mechanical forces that must be accounted for. In the specific process 
under consideration, heat transfer is predominantly governed by con-
duction via the heating tool, with only a minor contribution from 
convection and radiation. In this study, the effects of convection and 
thermal radiation are disregarded, as they are assumed to be negligible 
in comparison to conduction.

A significant challenge in the numerical modelling of the prob-
lem addressed herein lies in the simultaneous handling of a moving 
free-surface boundary associated with very large deformations and self-
penetration phenomena. Furthermore, the analysis must account for 
a wide temperature range, which results in a structural behaviour 
transitioning from a linear elastic solid at lower temperatures to a low-
viscosity fluid at elevated temperatures. Consequently, the numerical 
model must be capable of concurrently solving for both solid mechanics 
and free-surface fluid dynamics.

To address this complex problem, a Finite Element Method (FEM) 
numerical model was implemented, employing an Arbitrary
Lagrangian–Eulerian (ALE) framework (Braess and Wriggers, 2000). 
This approach enables the tracking of the extensive deformations 
exhibited by the melting polymer. The commercial software LS-DYNA 
(R11.2.2) was utilised for this purpose, as it provides the capability to 
interface material flow within ALE meshes with Lagrangian elements. 
This facilitates the imposition of rigid or flexible moving boundaries 
and allows for the execution of fully coupled fluid–structure interaction 
simulations.

Numerical modelling of PVC at high temperatures

Several models are available for the study of non-Newtonian fluids. 
Broadly speaking, the viscosity of polyvinyl chloride (PVC) is influ-
enced by either the local strain rate or the temperature, the latter 
affecting the zero-shear-rate viscosity. In the extensive field of pseudo-
plastic modelling, one may consider the Herschel–Bulkley or Bingham 
plastic models (Alexandrou et al., 2001; Moreno et al., 2016), both of 
which are highly versatile despite requiring the introduction of several 
parameters. Alternatively, the simpler Carreau model for pseudo-plastic 
behaviour may be employed, where a plateau viscosity is specified to 
address very low shear rates (Nakayama, 2018).

To simplify the modelling approach, preliminary analyses con-
ducted on simplified numerical representations of the welding process 
indicated that the particular welding process studied here involves 
shear rates on the order of 10−1 s−1. In principle, the analysis of a non-
Newtonian viscoelastic fluid should account for interactions related to 
shear stress in order to accurately estimate the viscosity. However, 
the relatively low shear stress values typical of this application allow 
for reducing this degree of freedom, simplifying the model effectively. 
The implemented model considers only the variation of viscosity with 
temperature, as the effect of strain rate is negligible compared to that 
of temperature. This approach is supported by previous findings (Cao 
et al., 2019), which demonstrated that viscosity becomes significantly 
influenced by the shear rate only beyond a threshold of 10−1 s−1.

As illustrated in Fig.  2, within the temperature range of interest (160 
to 250 ◦C), the viscosity exhibits variations spanning four orders of 
magnitude. In contrast, multiple orders of magnitude of shear rate vari-
ation are required to reduce the viscosity by just one order of magni-
tude. Consequently, for the case under investigation—characterised by 
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Fig. 2. Variation of PVC viscosity as a function of temperature and shear rate.
Source: Reconstructed from the data reported in Münstedt (1977, 2021).

substantial temperature variations but relatively low shear rates—PVC 
can be effectively modelled as a temperature-dependent viscoelastic 
solid exhibiting Newtonian-like fluid behaviour.

To accurately model this unique mechanical behaviour, the material 
model must incorporate the combined response of a non-Newtonian 
fluid and an elastic solid (Snoeijer et al., 2020). For this purpose, we 
utilised *MAT_60, a material model available within the commercial 
software LS-DYNA, originally developed for simulating the forming of 
glass products (e.g., car windshields) at elevated temperatures. This 
model represents the total deviatoric strain rate as the sum of elastic 
and viscous components, expressed as 

𝜀̇′𝑡𝑜𝑡 = 𝜀̇′𝑒𝑙𝑎 + 𝜀̇′𝑣𝑖𝑠 =
𝜎′

2𝐺
+ 𝜎′

2𝜈(𝑇 )
(1)

where 𝜈 is the temperature-dependent viscosity, which is here approxi-
mated through the Modified Cross Model as Altinkaynak et al. (2011), 
Chiang et al. (1991), Bovo et al. (2024): 

𝜈(𝑇 ) = (1.086 ⋅ 109) exp
(

−24.753(𝑇 − 373.15)
51.6 + (𝑇 − 373.15)

)

[Pa s] (2)

This equation aligns well with data available from the literature. How-
ever, it predicts exceedingly high viscosity values at low temperatures. 
For instance, the viscosity decreases from an order of magnitude of 
1016 at 80 ◦C down to 101 at 250 ◦C. Such a drastic variation poses 
significant challenges for numerical solvers, which tend to experience 
instability under these conditions. To address this, the variation of 
viscosity follows Eq.  (2) but with upper bound imposed to restrict 
the viscosity within the range 1011 − 101. This bounded approach 
ensures numerical stability while maintaining fidelity to the material’s 
behaviour.

To finalise the material data input, the following properties were 
assigned as constants across the entire temperature spectrum: a density 
of 1420 kg∕m3, an elastic modulus of 3.0 GPa, a specific heat capacity 
of 880 J∕(kg K), and a thermal conductivity of 0.22 W∕(m K).

Some insights on the conductive heating of PVC

An estimation of the temporal evolution of temperature along the 
sample can be obtained by solving the heat equation, which, under the 
approximation of one-dimensional (1D) conditions, is expressed as 
𝑑𝑇
𝑑𝑡

= 𝛼 𝑑
2𝑇

𝑑𝑥2
, (3)

where 𝛼 represents the thermal diffusivity, approximated as 𝛼 = 𝑘∕(𝜌𝑐𝑝), 
with 𝑘, 𝜌, and 𝑐𝑝 denoting the thermal conductivity, mass density, and 
specific heat capacity, respectively.
4 
Fig. 3. Time trace of temperature at selected locations during the heating 
phase—analytical solution from the 1D heat equation. Distance is measured 
from the heating blade.

Fig. 4. Temperature profiles over the specimen at selected times—analytical 
solution from the 1D heat equation.

The heat equation is solved over a spatial domain of 5 mm, with the 
following conditions applied: 𝛼 = 1.76 ⋅ 10−7 m2∕s, an initial uniform 
temperature of 22 ◦C, and a boundary temperature of 250 ◦C on the 
heated side. The boundary temperature of 250 ◦C was selected as it 
falls within the effective operative conditions of actual PVC-welding 
machines relevant to industrial applications, which usually range in 
between 240 to 250 ◦C, bing the latter the maximum operational 
temperature before the onset of excessively rapid polymer degradation.

Fig.  3 illustrates the evolution of temperature over time at se-
lected distances from the heating blade, based on the solution of the 
1D heat equation. Similarly, Fig.  4 depicts the spatial distribution 
of temperature at selected time intervals corresponding to the same 
solution.

It is worth noting that the propagation of heat within PVC is 
exceptionally slow due to its low thermal diffusivity. As observed in Fig. 
2, the viscosity decreases below 106 Pa s only at temperatures exceeding 
185 ◦C. Assuming that at least 1 mm of material must be softened to 
facilitate the welding process, Fig.  4 suggests that a minimum heating 
time of 25 s is required to adequately prepare the mating surfaces.

This estimated value should be interpreted as theoretical, given 
that the welding process necessitates the removal of the heating blade 
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before joining the profiles. During this transition, the PVC experiences 
a temperature drop. Consequently, a heating time of 30 s has been 
arbitrarily imposed, followed by a 2-second waiting period before the 
joint is executed. Notably, such a heating time of 30 s matches with the 
operative conditions actually utilised in industrial applications.

Numerical model implementation

All numerical analyses were conducted using a two-dimensional 
(2D) model under plane-strain conditions, as the beam here consid-
ered has rectangular cross-section. The characteristic dimensions of the 
profile cross-section used here do not match the proprietary industrial 
geometries (which are protected), but they are very close in shape and 
scale, ensuring that the mechanical behaviour is faithfully reproduced 
while respecting intellectual-property constraints.

The single-material plus void formulation was selected for the Ar-
bitrary Lagrangian–Eulerian (ALE) elements. The ALE domain was 
discretised into a uniform grid with a characteristic element size of 
12.5 μm, resulting in a total of 56,000 elements. Given that the PVC 
profile has a thickness of 2 mm, this corresponds to 160 elements 
through the thickness.

Elements representing the initial form of the PVC profile were 
activated with the viscoelastic material model, while elements corre-
sponding to the external environment were designated as void. An 
alternative approach could have involved employing the multi-material 
formulation and assigning material properties for the surrounding air. 
However, the single-material plus void strategy was preferred as it 
minimises computational cost.

The problem under consideration includes an initial phase where 
only thermal loads are applied. Mechanical deformation begins after 
20 s, when a low compressive force is exerted on the profile as it is 
pushed against the heating blade. The purely thermal portion of the 
analysis was solved using an implicit formulation, with a fixed timestep 
of 0.1 s applied to both the structural and thermal solvers.

Subsequently, the solution transitioned to an explicit formulation, 
as this was determined to be the only viable approach for accurately 
capturing the large viscous deformations involved. During the explicit 
phase, the thermal timestep was reduced to 0.01 s. This reduction 
was necessary to accurately track the material flow under the given 
conditions.

Boundary and loading conditions

The schematic shown in Fig.  5 illustrates the general implemen-
tation of the numerical model, highlighting the polymer in its initial 
configuration, the surrounding air (modelled as void), and the bound-
ary conditions applied along the outer boundary, 𝛤 . Within the model, 
the polymer is constrained to flow from the left boundary (inlet) 
towards the right with an imposed velocity matching the desired time-
displacement curve. A symmetry boundary condition has been applied 
to the right edge of the domain, which initially corresponds to the 
heating blade during the heating phase and subsequently serves as a 
symmetry boundary for the remainder of the simulation. This approach 
enables the modelling of only one of the two components to be welded.

It is noteworthy that the edge of the polymer profile intended for 
contact with the heating blade—and subsequently forming the welding 
surface—is not cut planar. Instead, it incorporates a square chamfer. 
This specific geometry was chosen as it is hypothesised to enhance the 
quality of the final welding surface, especially in cases where aesthetic 
optimisation is required for the top surface, as illustrated in Fig.  5. In 
conventional welding of PVC bars, one of the two external surfaces 
remains visible, while the opposite one is hidden on the inner side 
the manufactured. The case presented here makes no exception: the 
chamfer is located in the visible side and is designed also to ensure 
good aesthetic to the joint. Further analysis of the chamfer’s influence 
on welding quality is provided in the next section.
5 
Fig. 5. Schematic of the numerical model with highlighted boundary condi-
tions.

As outlined in Section ‘‘Introduction’’, the welding process com-
prises an initial heating phase where a blade, maintained at a high 
temperature, comes into contact with the edges of the profiles to be 
welded. During this phase, the profiles are slightly pushed against the 
heating blade. Following this, the blade is removed, and the profiles 
are pressed together to complete the welding process.

In the numerical model, the heating tool itself is not explicitly rep-
resented. Instead, the time-dependent heat transfer is applied directly 
to the nodes along the symmetry boundary. Specifically, a tempera-
ture of 250 ◦C is imposed on these nodes during the heating period 
using the *BOUNDARY_PRESCRIBED_TEMPERATURE keyword, with 
a deactivation time of 30 s.

The mating motion that joins the two profiles is implemented by 
applying an inlet boundary condition along the left edge of the do-
main, as illustrated in Fig.  5. A prescribed motion is imposed on the 
nodes initially associated with the PVC material. The motion of the 
PVC is programmed such that it remains stationary during the initial 
heating phase. Subsequently, it advances by 0.25 mm at a constant 
rate of 0.025 mm/s during the final portion of the heating phase, 
specifically between 20 and 30 s. This movement is then paused for 
2 s, representing the period during which the heating blade is removed 
and the profiles are aligned for welding. The welding process itself 
is executed by imposing a continuous, steady advancing movement. 
The final quality of the weld is influenced by a wide range of process 
parameters, each contributing to the thermal and mechanical condi-
tions experienced by the material during joining. While the heating 
time, heating temperature, and geometric configuration are fixed in the 
present analysis, several other factors remain open for investigation. 
Among these, the waiting time between the removal of the heating 
blade and the onset of mating and the velocity at which the profiles 
are brought into contact are particularly relevant. In this study, we 
specifically focus on the influence of the mating velocity, which is a 
key parameter governing the temperature distribution, material flow, 
and ultimately the effectiveness of the weld. For this reason we will 
particularly focus on the effect of different mating velocities. The time-
displacement motion curve is presented in Fig.  6, alongside the imposed 
temperature over time.

A preliminary sensitivity analysis has been conducted to assess the 
impact of the timing parameters on the final weld quality and material 
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Fig. 6. Prescribed motion imposed to the nodes on the left boundary asso-
ciated to PVC only (𝛤  inlet), and imposed temperature on the nodes on the 
symmetry plane. Solid, dashed, dotted, and dashdotted lines correspond to a 
final advancing ratios of 0.375, 0.185, 0.125, and 0.093 mm/s, respectively.

flow. The results of this analysis indicate that the advancing ratios and 
timings during the heating phase have a negligible effect on the visible 
portion of the weld. However, the initial mating speed does influence 
the material distribution in the lower area, which remains invisible to 
the eye. As this region is not of primary concern, it will not be discussed 
further; additional details can be found in Appendix Section ‘‘Effect of 
advancing velocity during the heating phase’’ for those interested. In 
contrast, the advancing velocity during the second phase of the weld 
(when the profiles are mated) does have an impact on the weld quality, 
and this aspect is discussed in greater detail in the following section.

To evaluate the impact of the advancing velocity on the qual-
ity of the weld, we investigated four different advancing velocities 
falling within the actual operative range utilised in industrial machines, 
namely: 0.375 mm/s, 0.185 mm/s, 0.125 mm/s, and 0.093 mm/s. 
These conditions are depicted in Fig.  6 using solid, dashed, dotted, 
and dash-dotted lines, respectively. It is important to note that the 
four mating velocities analysed in the main body of this work do 
not represent the entirety of the simulations performed. A broader 
parametric study has also been conducted, as detailed in Appendix 
Section ‘‘Optimal combination of dwell time and mating velocity’’, 
where an extended range of mating velocities is considered. In that 
complementary analysis, the focus shifts towards exploring the com-
bined effect of dwell time—defined as the delay between the removal 
of the heating blade and the onset of mating—and the mating velocity 
itself. The objective of this expanded investigation is to identify the 
optimal process window that ensures a high-quality weld, balancing 
the need for sufficient temperature retention with adequate material 
flow. This additional study reinforces the significance of thermal man-
agement and motion synchronisation in achieving structurally sound 
and aesthetically acceptable welds.

The following section presents the simulation results, with partic-
ular emphasis on the influence of mating velocity on the final weld 
quality. Additionally, an alternative welding process is explored, in-
volving the introduction of a rigid wall along the upper boundary, 
which can be either fixed or moving with the profile, as shown in Fig. 
7. This wall prevents the upward flow of polymer, thereby improving 
the aesthetic quality of the weld and potentially eliminating the need 
for a subsequent machining process.

Results and discussion

This section details the effect of the mating velocity and the pres-
ence of the rigid wall on the quality of the welding surface in terms of 
both aesthetics and functionality.
6 
Open condition

The initial focus is directed towards analysing the morphology of 
the weld. Fig.  8 depicts the free surface of the polymer at selected time 
intervals during the welding process for various advancing velocities. 
In all cases, the solution remains self-similar up to 32 s, as the heating 
phase is identical across the simulations. However, as the process 
progresses, the morphology of the weld is observed to be significantly 
influenced by the advancing velocity.

It is worth noting that the mating velocity affects the temperature 
of the welding bead. Specifically, the overall temperature at the end 
of the welding process increases with higher advancing velocities. This 
results in a lower viscosity for the PVC when welding is performed at 
greater speeds, as higher velocities facilitate the flow of the material, 
particularly within the chamfer region.

As shown in Fig.  8, welds produced at higher advancing velocities 
exhibit a surface characterised by a considerable amount of material 
overflowing both the top and bottom surfaces. In such cases, post-
weld machining would likely be required to improve the aesthetic 
quality of the weld. Conversely, as the advancing velocity decreases, 
the material’s resistance to flow increases, leading to a reduction in the 
amount of material trickling over the upper and lower surfaces. This 
results in a noticeable improvement in the weld’s aesthetic quality.

However, at lower advancing velocities, a potential drawback arises: 
the material initially located within the chamfer region—which is 
intended to form the welding bead—may not flow sufficiently to fill the 
entire gap. In such scenarios, the uppermost portion of the weld may 
consist of the two original profiles in direct contact, without any melted 
material interposing between them. This outcome is strongly influenced 
by the temperature, as slower advancing velocities allow the material 
to cool excessively before the welding is completed.

This effect is further illustrated in Fig.  9, which presents the temper-
ature distribution at selected time intervals for representative velocities 
of 0.375 and 0.125 mm/s. At the conclusion of the heating phase (30 
s), the temperature distribution reveals that the material within the 
chamfer has been heated to a temperature exceeding 200 ◦C, resulting 
in low viscosity. As the heating blade is removed, the temperature drops 
rapidly, leading to an increase in viscosity.

If the profiles advance quickly, the material can smoothly flow over 
the surfaces to be joined before solidification occurs. As shown in Fig. 
9, the temperatures within the flowing material remain above 200 ◦C 
at the end of the mating process in this case.

Conversely, if the advancing velocity is too slow, the PVC becomes 
too viscous to effectively flow over the entire mating surface, and the 
upper portion of the material remains dry. In such cases, the upper 
parts of the profiles may eventually make contact, but without forming 
a proper weld. The temperature distribution in this scenario indicates 
that, at the end of the mating process, the temperatures in the upper 
section of the weld have dropped below 180 ◦C, corresponding to a 
high viscosity that hinders material flow. Notably, the temperatures 
remain slightly higher in the material moving downward, which leads 
to a concentration of material in that direction.

Rigid wall condition

The presence of the rigid wall on the upper surface exerts a sig-
nificant influence on the aesthetic quality of the weld, while similar 
effects can also be observed in terms of its functional performance. Fig. 
10 depicts the free surface of the polymer at selected time intervals 
during the welding process for varying advancing velocities.

The role of the rigid wall is twofold:

• At lower final viscosities (associated with higher mating veloci-
ties and thus elevated temperatures), the rigid wall serves as a 
confinement barrier, preventing the polymer from flowing exces-
sively over the wall.
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Fig. 7. Schematic of the numerical model with highlighted boundary conditions for the case where a fixed (left) or moving (right) rigid wall is mating the top 
surface.
• At higher final viscosities (resulting from slower mating velocities 
and reduced temperatures), the rigid wall acts to restrict the up-
ward movement of the profile’s upper surface. This containment 
effectively ‘‘closes’’ the chamfer region, ensuring that the molten 
PVC remains confined within the mating profiles.

As a result, the upper surface of the weld remains flat and smooth over 
a broad spectrum of process parameters.

As previously discussed, if the advancing velocity falls below a 
certain threshold, the material is unable to flow upwards to the rigid 
wall and instead predominantly flows downward. Consequently, the 
upper portion of the weld becomes a dry spot, which adversely affects 
the mechanical properties of the weld.

Among the four advancing velocities examined in this study, only 
the first two are capable of producing an effective weld, whereby ad-
vancing velocities below 0.185 mm/s are instead predicted to introduce 
a dry spot. However, it is worth to stress that such a specific velocity 
is only relevant to this exact geometry and process parameters. Fig. 
11 shows the temperature distribution in the weld bead for this case. 
Notably, the temperature at the topmost part of the weld at the end of 
the mating process is just above 200 ◦C. Had the temperature dropped 
below this threshold prior to completing the weld, the process would 
have failed.

Moving wall

For completeness, it should be noted that the numerical simulations 
also investigated a third scenario in which the upper rigid wall was not 
stationary but instead modelled as a rigid boundary with prescribed 
motion, moving in synchrony with the profile. The results for this case 
are not extensively reported for the sake of brevity, as the moving 
boundary was found to produce effects identical to those observed 
with the stationary rigid wall, with reference to the ability of the 
moving blades to confine the material within the bead. Nevertheless, 
it is important to highlight that the initial position of the moving rigid 
wall must allow sufficient clearance from the heating blade (and, by 
extension, the welding centre), as the motion of the rigid wall exceeds 
that of the polymer in the molten zone.

Specifically, while both the moving wall and the polymer are driven 
together towards the symmetry plane, the cold (and therefore stiff) 
polymer moves at the same speed as the rigid wall, whereas the molten 
polymer deforms backwards relative to the wall’s motion. As a result, 
the moving wall progresses more rapidly than the edge of the chamfer 
region. Adequate clearance must thus be ensured to prevent the moving 
wall from making contact with its counterpart on the opposite side 
of the symmetry plane before the welding process is fully completed. 
Fig.  12 presents two examples comparing the rigid and moving wall 
approaches. For brevity, other investigated cases are not shown.
7 
Validation of the numerical model against experimental data

The numerical model developed in this study has been verified 
against experimental data obtained in collaboration with the company 
GRAF Synergy. The company granted us access to one of their produc-
tion machines, allowing us to modify the grips and program the process 
parameters to perform experiments in accordance to the numerical 
scheme. This collaboration was essential to validate the numerical 
scheme and assess its predictive capabilities in replicating real-world 
welding outcomes.

Given the proprietary nature of the welding process employed 
by GRAF Synergy, whereby all the experimental conditions are very 
similar to what implemented numerically and accurately detailed in 
the previous sections, only a limited subset of data is presented here. 
The heating blade has been set to 240 ◦C and the mating velocity to 
0.2 mm/s, as these represent the central values within the range used in 
actual applications, while chamfer dimensions remain confidential and 
cannot be disclosed publicly. The verification presented here focuses 
on comparing the final cross-sectional profiles of the welds obtained 
through simulations with those observed experimentally.

The experimental process involved heating the PVC profiles to the 
target temperature, followed by welding at controlled mating velocities. 
The final cross-sections of the welded joints were captured through 
precise cutting and imaging of the profiles, ensuring an accurate rep-
resentation of the weld geometry for comparison with the numerical 
results. Key features, such as the weld bead morphology, the presence 
of dry spots, and the extent of material overflow, were extracted and 
compared to the numerical predictions.

The experiments were conducted for various positions of the con-
tainment blade (the moving rigid wall in the simulations), specifically 
located at a distance from the chamfer border of 0 mm, 0.3 mm, 
0.5 mm, and 2.5 mm (representing the open condition). These configu-
rations allowed for a comprehensive evaluation of the model’s ability to 
predict the material flow and weld morphology under different bound-
ary constraints. Typical examples of the weld cross-section vor the 
several cases under exam are presented in Fig.  13. The numerical model 
demonstrated remarkable agreement with the experimental results, 
effectively capturing the morphological features of the weld across all 
tested configurations. The comparison highlighted the model’s ability to 
predict material flow and the resulting weld geometry under different 
boundary constraints. The good correlation between simulation and 
experimental observations underscores the robustness and applicability 
of the numerical scheme to industrial welding processes. This validation 
reinforces the potential of the model as a tool for optimising welding 
parameters and improving process outcomes.
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Fig. 8. Evolution of the free surface at selected times. Open condition. 
Fig.  14 reports the comparison between the experimental and nu-
merical cross-sections for the four wall positions. The comparison 
confirms the numerical model’s ability to capture the complex interplay 
of material flow, temperature, and boundary constraints during the 
welding process. Overall, the validated numerical model demonstrates 
its reliability and predictive capability for analysing and optimising the 
butt-welding process in PVC profiles.

Conclusions

This study has provided a detailed exploration of the butt-joint 
welding process for PVC profiles, focusing on the complex interactions 
between heat transfer, viscoelastic deformation, and material flow. By 
developing and applying a multiphysics numerical model, we have 
gained valuable insights into the behaviour of PVC under welding con-
ditions, as well as the factors influencing the quality of the final joint. It 
8 
is important to remark that the quality of the welding is here intended 
from an aesthetic point of view. A ‘‘good weld’’ is one that keeps the 
molten PVC confined within the chamfered region, producing a clean 
joint that does not require post-weld trimming. This is the preferred 
outcome in industrial production because it provides a superior surface 
finish and avoids secondary operations. On the contrary a ‘‘bad weld’’ 
is one in which the molten PVC is not adequately confined during 
welding, producing an excessive external bead or protrusion to be 
removed by a dedicated trimming knife, inevitably leaving a visible 
mark on the frame surface.

One of the key findings is the critical role played by the thermal 
properties of PVC. Its low thermal conductivity results in steep tem-
perature gradients during welding, making precise control of heating 
times and temperatures essential. Insufficient heating can leave the 
material too viscous to form an adequate weld, while excessive heating 
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Fig. 9. Temperature distribution during the welding process for varying advancing ratios.

Fig. 10. Evolution of the free surface at selected times. Rigid wall condition. 
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Fig. 11. Evolution of temperature during the welding process. Advancing ratio of 0.185 mm/s. 
Fig. 12. Comparison of the evolution of the free surface at selected times for an advance ratio of 0.125 mm/s (top) and 0.185 mm/s (bottom) for the rigid wall 
(left) and moving wall (right) condition.
risks material degradation. The highly temperature-dependent viscosity 
of PVC further amplifies these challenges, as it dictates the material’s 
ability to flow and fill the mating surface.

Mating velocity emerged as another significant factor influencing 
weld quality. Higher velocities promote better flow and fusion within 
the chamfer region, but they also increase the risk of material overflow, 
which can compromise the weld’s appearance and require additional 
finishing. On the other hand, slower velocities allow the material to 
cool too much, leading to incomplete filling of the weld zone and 
potential functional weaknesses.

The geometry of the profiles and the presence of a rigid upper wall 
also play important roles. The rigid wall improves the weld’s aesthetic 
quality by confining material flow and preventing excessive overflow. 
10 
Functionally, however, the success of the weld remains dependent on 
maintaining the right balance of temperature and mating velocity, 
particularly in ensuring proper material flow within the chamfer region.

The numerical model was validated against experimental data ob-
tained in collaboration with GRAF Synergy, whose support allowed 
modifications to industrial welding equipment for testing purposes. 
The agreement between the predicted and observed weld morphologies 
highlights the accuracy of the model. Nevertheless, it should be noted 
that some details of the welding process, such as exact mating velocities 
and heating times, remain proprietary, limiting the ability to share a 
complete dataset.

Overall, this study demonstrates the power of numerical simulations 
as a tool for understanding and optimising the welding process for 
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Fig. 13. Images of the experimental cross-sections of the welded profiles for varying moving blade distance from the chamfer edge: 0 mm, 0.3 mm, 0.5 mm, 
2.5 mm, moving from the left image to the right.
Fig. 14. Overlay of the numerical simulations on top of the experimental images. 
thermoplastic materials. By capturing the intricate interplay of heat, 
material flow, and deformation, the model provides a reliable method 
for predicting the quality of welds and exploring the effects of differ-
ent process parameters. The presented modelling approach helps to 
identify conditions under which bead formation can be controlled or 
suppressed, thus providing practical guidance for reducing secondary 
operations and improving weld aesthetics in industrial manufacturing. 
Eventually, the authors claim that the benefit of this numerical study 
is twofold:

(1) understanding and reproducing the physical behaviour of the 
butt-welding process by capturing the complex thermo-
mechanical interactions occurring during PVC welding, includ-
ing material flow, confinement, and bead formation;

(2) providing a tool for process optimisation: the model can be used 
to explore the influence of welding parameters (such as pressure, 
temperature, timing, chamfer geometry, and the position of the 
confining tool) on weld quality, offering a systematic and cost-
effective way to identify process conditions under which the 
bead is minimised or suppressed.

Looking ahead, future work could expand on this foundation by 
incorporating additional complexities, such as multi-material interfaces 
or dynamic heating strategies. Extending the model to other thermo-
plastic materials and welding configurations could also enhance its 
industrial applicability, offering broader insights into the challenges 
and opportunities of thermoplastic welding.
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Appendix A. Effect of advancing velocity during the heating phase

The mating velocity of the PVC profiles as they approach and 
contact the heating blade plays a critical role in shaping the mor-
phology of the weld. Numerical simulations reveal that an increase 
in the mating velocity introduces a pronounced material whirl in the 
lower portion of the weld bead. This phenomenon arises due to the 
interaction between the advancing profiles and the viscous material 
near the melting temperature, combined with the geometric constraints 
of the chamfer and the heating blade.

As the mating velocity increases, the flowing material encounters 
greater resistance due to its inertia and the thermal gradients present 
within the molten zone. This resistance causes a portion of the molten 
material to form a circular flow pattern or ‘‘whirl’’ at the lower edge 
of the chamfer. The faster the profiles advance, the more pronounced 
and larger these whirls become. At very high velocities, the whirls 
exhibit increased size and rotational motion, effectively pushing molten 
material downward and away from the primary weld interface.

The lower portion of the weld, where these whirls occur, is hidden 
from view after the welding process is complete. Consequently, the 
aesthetic quality of the weld, often judged based on the visible upper 
surface, remains unaffected by this phenomenon. However, the whirls 
in the lower portion may influence the structural integrity of the weld. 
Excessive swirling can lead to material thinning in other regions of the 
weld bead or create small voids if the material flow is not uniform.

Fig.  A.15 illustrates the development of material whirls at varying 
mating velocities. At lower velocities (left image), the molten material 
flows smoothly, forming a uniform bead without significant turbulence. 
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Fig. A.15. Visualisation of material flow patterns in the lower weld zone at varying mating velocities. At low mating velocities (left), the material flows smoothly 
without significant turbulence, resulting in a uniform weld bead. As the velocity increases (centre), pronounced whirls develop in the lower portion of the weld, 
characterised by circular flow patterns at the higher velocities (right).
In contrast, increasing the velocity (central and right images), the 
whirls become evident, characterised by circular flow patterns in the 
lower weld zone. These simulations underline the importance of care-
fully selecting the mating velocity to balance material flow uniformity 
with efficient process execution.

While the whirls in the lower weld zone are not directly visible, their 
presence highlights the importance of process optimisation. Operators 
must consider the trade-off between faster processing times and the 
potential for non-uniform material distribution in the weld bead. For 
applications where the weld’s structural integrity is critical, slower 
mating velocities may be preferred to minimise the formation of whirls 
and ensure consistent bonding across the entire weld.

This observation further underscores the utility of the numerical 
model in providing detailed insights into the hidden aspects of the 
welding process, enabling informed decisions to enhance both the 
functional and aesthetic outcomes of the weld.

Appendix B. Optimal combination of dwell time and mating veloc-
ity

In this section, we focus on the configuration illustrated in Fig. 
7, which includes the presence of a moving containment blade (con-
sidered as a moving rigid wall). In addition to the results presented 
in the main body of the paper, a further parametric investigation 
was conducted to evaluate the combined effect of dwell time—the 
pause between the removal of the heating blade and the initiation of 
the mating motion—and mating velocity on the final quality of the 
weld. This appendix summarises the outcome of that extended analysis, 
with a focus on identifying the optimal combination of parameters for 
producing a structurally sound and visually acceptable weld.

The study involved a matrix of simulations, varying the mating 
velocity across a broad range and coupling it with different dwell dura-
tions. While numerous cases were examined, only the most successful 
combination is reported here for brevity and clarity. The criterion for 
selecting the optimal case was based on two main quality indicators of 
the final welding cross-section: absence of polymer overflow on the top 
surface, thus eliminating the need for secondary machining, and lack of 
cold-welding regions, i.e., zones where the temperature during mating 
dropped below the critical threshold for adequate material fusion.

An interesting and practically significant outcome of this parametric 
analysis is the identification of a clear inverse relationship between 
12 
Fig. B.16. Optimal combination of prescribed mating velocity and dwell time. 
Solid, dashed, dotted, and dashdotted lines correspond to a final advancing 
ratios of 0.375, 0.465, 0.625, and 0.950 mm/s, respectively.

mating velocity and optimal dwell time. Specifically, the faster the 
mating velocity, the shorter the dwell time should be in order to 
achieve an optimal weld. This trend is governed by two concurrent 
physical effects: higher mating velocities induce greater shear rates, 
which enhance the flow of the molten polymer and improve fusion 
quality; at the same time, shorter dwell times minimise thermal losses 
after blade removal, preserving a higher temperature and thus lower 
viscosity in the mating region.

This insight emerged from a systematic optimisation study involving 
four different mating velocities: 0.950 mm/s, 0.625 mm/s, 0.465 mm/s, 
and 0.375 mm/s. For each case, the dwell time was adjusted to identify 
the combination that resulted in the best welding outcome, defined as a 
weld free of top surface overflow and devoid of cold-welded regions—
i.e., areas where the temperature had dropped below the threshold 
required for effective polymer bonding. The optimal parameters are 
summarised in the load histories schematically presented in Fig.  A.15.

Of particular interest is the result for the 0.375 mm/s velocity, 
which was also analysed in the main body of the manuscript. In that 
initial analysis, the weld quality at this velocity was found to be unsatis-
factory due to excessive flow in the upper region of the joint. However, 
the extended parametric study now reveals that this deficiency was 
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Fig. B.17. Evolution of the free surface in the last portion of the welding 
process. Moving boundary (left) vs Open condition (right).

not inherently due to the velocity itself, but rather to an insufficient 
dwell time prior to mating. When paired with an appropriately longer 
dwell time, the 0.375 mm/s case produces a weld with excellent surface 
morphology and internal cohesion, thereby validating the importance 
of synchronising thermal and kinematic parameters.

It is worth noting that, regardless of the specific mating velocity 
studied in this work, the fundamental physics governing weld quality 
remain unchanged. In all cases, the confinement of the molten PVC 
during the mating phase is primarily dictated by the presence of the 
backward-facing surface of the opposing profile. This surface consis-
tently acts as a physical barrier, effectively containing the flow of the 
low-viscosity material and guiding it into the chamfer region. As such, 
it plays a critical role in shaping the final morphology of the weld, en-
suring material redistribution occurs within the joining interface rather 
than escaping undesirably from the weld zone. Fig.  B.17 provides a 
representative example of the material behaviour during the final stage 
of the welding process, highlighting the role of the backward-facing 
vertical surface in confining the molten polymer. This confinement 
effect is clearly observed when a moving barrier is employed, as 
the surface effectively redirects the material into the chamfer region. 
Conversely, in the absence of any confinement system, this guiding 
mechanism does not manifest, leading to unregulated material flow 
through the upper surface.

Overall, these findings underscore the capability of the numerical 
model not only to replicate complex physical behaviours but also to 
serve as a powerful optimisation tool for process design. By varying 
and analysing combinations of key parameters, the model provides 
guidance for achieving high-quality welds under a range of practical 
conditions.

To further assess the effectiveness of boundary constraints, the 
simulations were also repeated without any containment features such 
as the rigid stationary or moving wall. These cases allowed for a direct 
comparison, isolating the contribution of the mechanical confinement 
to the quality of the final weld. This complementary study underscores 
the importance of precise synchronisation between thermal and me-
chanical parameters and confirms the utility of dynamic confinement 
strategies in advanced welding processes.

Data availability

Data will be made available on request.
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