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[3–6]. Charge welds are unavoidable defects in continuous 
extrusion caused by the introduction of new billets, where 
new material coated with oxides, dust and lubricant comes 
into contact with hot material remaining in the die from the 
previously extruded billet. With application of pressure and 
heat, the two regions form a fully bonded contact, creat-
ing a transition zone of mixed old and new material (Fig. 
1), or charge weld, characterized by high levels of contami-
nants and low strength. This zone exhibits a parabolic shape 
within longitudinal sections, while it appears as a closed 
loop in transverse sections. Charge welds must be scrapped 
due to their inferior mechanical properties compared to the 
rest of the extruded profile.

Charge welds, also referred to as transverse welds in the 
literature, have been thoroughly examined in fundamental 
studies investigating aluminum extrusion. Saha [7] pre-
sented a systematic classification of defect types in industrial 
profiles, including weld seams generated at billet transi-
tions. Valberg [8] instead presented an analysis of extrusion 
welding mechanisms, showing how local pressure, strain 
and surface conditions govern the formation and integrity of 

1  Introduction

Low roughness, narrow dimensional tolerances and consis-
tent mechanical strength along the entire profile are essential 
in hot extrusion of aluminum [1, 2], especially for struc-
tural applications where defects can cause in-service failure 

	
 Marco Negozio
marco.negozio@unipr.it

1	 Dipartimento di Scienze e Metodi dell’Ingegneria (DISMI), 
University of Modena and Reggio Emilia, Via Amendola 2, 
42122 Reggio Emilia, Italy

2	 Dipartimento di Ingegneria dei Sistemi e delle Tecnologie 
Industriali (DISTI), Università degli Studi di Parma, Parco 
Area delle Scienze, 181/A, Parma 43124, Italy

3	 Dipartimento di Ingegneria Industriale (DIN), Università di 
Bologna, Viale Risorgimento 2, Bologna 40136, Italy

4	 Almax Mori Srl, Via Matteotti 13, Mori 38065, Italy
5	 InterMech - MO.RE, University of Modena and Reggio 

Emilia, Piazzale Europa 1, Reggio Emilia 42124, Italy

Abstract
An innovative analytical model for predicting charge weld length in continuous extrusion is presented, with the goal of 
minimizing scrap and ensuring the structural performance of extruded profiles. By relying only on die and profile geom-
etry, the approach offers major advantages over computationally expensive FEM simulations and experimental methods 
in terms of time and resources, while improving prediction accuracy compared with previous analytical formulations. The 
model covers a wider range of extrusion conditions and is applicable to complex industrially relevant profiles. In addi-
tion to parameters considered in earlier models, such as die volume, exit area and number of ports, the proposed method 
accounts for inlet area, feeding chamber area and angle, port area, exit area and profile wall thickness, providing a more 
complete description of material flow. A dataset from 12 experimentally analyzed extruded profiles was first acquired, then 
expanded through FEM simulations of 84 additional cases. Model coefficients were obtained via multivariate regression, 
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weld regions. Numerous subsequent studies have examined 
specific material responses based on experiments. Loukus et 
al. [9] reported reductions in strength associated with frag-
mented oxide films and heterogeneous recrystallization at 
the weld interface in AA6082-T4. Zhang et al. [10] analyzed 
oxide dispersion in porthole die weld seams in AA6061, 
demonstrating that redistribution and accumulation of sur-
face oxides has a significant impact on bonding quality and 
microstructural continuity. Den Bakker et al. [11] performed 
microstructural analysis and mechanical characterization of 
AA6082 extruded profiles, demonstrating how gradients in 
grain morphology and hardness arise from thermal defor-
mation during billet transition. Lou et al. [12] investigated 
AA6061 extruded profiles, identifying characteristic texture 
changes within the weld region associated with reduced ten-
sile strength. Yu et al. [13] instead compared longitudinal 
and transverse welds, demonstrating that impurity concen-
tration and interface morphology strongly affect corrosion 
resistance and overall structural integrity.

While early studies primarily focused on the microstruc-
tural features and mechanical behavior within charge welds, 
subsequent investigations examined how process param-
eters influenced their formation, extent and the amount of 
scrap generated. Bingöl and Keskin [14] performed a series 
of experiments with AA6063 while varying extrusion speed 
and temperature, demonstrating that higher temperatures 

and lower speeds generally reduce weld severity and size. 
Zhang et al. [15] analyzed the transverse characteristics 
of charge welds in AA7N01 hollow profiles, demonstrat-
ing that weld morphology depends strongly on material 
flow and die design. Qamar et al. [16] instead investigated 
the influence of profile shape complexity, identifying geo-
metric features that exacerbate weld defects. Oberhausen 
et al. [17] focused on scrap reduction strategies, showing 
that optimization of billet handling and process control 
can significantly decrease the quantity of discarded mate-
rial. More recently, Sariyarlioglu et al. [18] investigated the 
mechanisms of charge weld evolution, combining process 
monitoring with metallurgical analysis to identify the main 
parameters governing weld formation.

Recently, increasing focus has been placed on the use 
of numerical simulations to study charge weld formation 
due to the ease and flexibility with which the effects of pro-
cess parameters and die geometry can be investigated. Li 
et al. [19], den Bakker et al. [20] and Reggiani et al. [21] 
employed conventional FEM simulations to model trans-
verse weld formation, analyzing the influence of billet flow 
and die geometry on weld morphology. Mahmoodkhani et 
al. [22, 23] extended these simulations to billet-on-billet 
extrusion, demonstrating the role of material flow patterns 
on weld development. Pinter et al. and Negozio et al. [24, 
25] applied FEM simulations to both front-end and back-end 

Fig. 1  Stages of billet material replacement during extrusion (red = new billet, blue = previous billet). a) Beginning of extrusion with the new billet; 
b) flow of new billet material through die to reach profile; c) profile almost entirely made up of new billet material
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defects, validating their predictions against experimental 
data while studying the effects of process and geometric 
parameters on weld behavior. More recently, Di Donato et 
al. [26, 27] employed phase-field and Cahn-Hilliard mod-
els to simulate the interaction between new and old billet 
materials, achieving close alignment with experimental out-
comes. Pelaccia et al. [28] instead compared the results of 
different FEM models for the extrusion of hollow profiles, 
analyzing thermal fields, profile speed, defect evolution and 
microstructure. Sariyarlioglu et al. [29] combined experi-
ments and numerical modeling to investigate charge weld 
evolution in hollow aluminum extruded profiles, providing 
comprehensive validation of simulation outcomes.

Various studies have been performed with the aim of 
directly correlating the effects of die geometry with the 
extent of charge welds. Pinter et al. investigated the impact 
of port volume by considering dies with two, three and four 
legs, demonstrating that greatest defect length occurs in a 
two-leg configuration due to the larger port volume and 
therefore larger amount of old billet material that must be 
replaced by new material [24]. In a subsequent study, Pinter 
et al. [30] examined the influence of port shape convergence 
on charge weld formation for a complex industrial pro-
file, finding that convergent die geometry leads to shorter 
charge welds due to dynamic compression of the material, 
minimizing dead-metal flow. Zhang et al. [31] investigated 
charge weld evolution within a hollow profile for high-speed 
train applications, both experimentally and numerically, 
observing faster appearance of welding defects in thicker 
regions of the profile. Mahmoudkhani et al. [23] compared 
cylindrical and convergent port shapes, demonstrating that 
charge weld formation is strongly affected by port geometry 
beyond simple volumetric considerations. Crosio et al. [32] 
showed that reducing the size of the port inlet is a decisive 
factor in decreasing material scrap associated with charge 
welds. Finally, Qamar et al. [16, 33] correlated charge weld 
characteristics to several shape complexity indices based on 
geometric parameters such as the perimeter, area, weight 
per unit length, circumscribing circle diameter, minimum 
wall thickness, extrusion ratio and number of ports.

Experimental measurement of charge weld length 
involves locating the stop mark (a visible surface defect 
generated when the extrusion process is stopped to load a 
new billet) followed by cutting the profile, polishing and 
etching to detect the defect and measure its extent. Although 
accurate, this method takes hours or days, with potentially 
significant impacts on the effectiveness of process optimiza-
tion. FEM analysis can instead predict the extent of charge 
welds for various die shapes and process parameters but 
requires detailed CAD models, extensive meshing and cal-
culation times ranging from minutes to days depending on 
complexity, making the approach potentially impractical for 

industrial implementation. Only a limited number of ana-
lytical models have been proposed to predict and estimate 
the extent of charge weld defects in aluminum extrusion. 
Approaches by Valberg [8], Saha [34] and Jowett et al. [35] 
correlate the defect length to die and billet characteristics by 
accounting for various combinations of geometric parame-
ters such as the thickness of the co-extruded layer, perimeter 
and length of the profile, volume of material in the die port 
and welding chamber, profile exit area and number of die 
openings. While these models are undoubtedly faster and 
less resource-intensive than experimental measurements or 
FEM simulations, they are nonetheless restricted in terms 
of accuracy and applicability, resulting in limited uptake in 
industrial settings.

An innovative analytical model for charge weld predic-
tion has therefore been developed within this work, pro-
viding a more complete representation of material flow 
and more accurate results over a wider range of conditions 
compared to previous approaches. Further to the geometric 
parameters considered by Valberg [8], Saha [34] and Jowett 
et al. [35], the present work accounts for the inlet area, the 
area feeding the welding chamber and the exit area, as well 
as the angle of the feeding chamber, port area and profile 
wall thickness, amongst other parameters. In order to cali-
brate coefficients within the model, a total of 12 extrusion 
experiments were performed by Almax-Mori to acquire an 
initial dataset. A FEM simulation was then developed in 
Altair HyperXtrude® and validated with experimental data 
by comparing the experimental and simulated profile exit 
temperatures and extrusion loads. Subsequently, an addi-
tional 84 extrusion simulations were performed to complete 
the dataset for calibration of the analytical model. Coeffi-
cients within the model were determined through multivari-
ate regression in MATLAB, explicitly incorporating profile 
geometry and material parameters to maximize the predic-
tive accuracy and ensure broad applicability across different 
extrusion scenarios. The model showed excellent agreement 
with measured charge weld lengths, outperforming existing 
analytical formulations, yielding a fast, reliable and easy-
to-implement analytical tool for charge weld prediction 
without the need for extensive simulations to support both 
industrial practice and early-stage die design.

2  Materials and methods

2.1  Experimental investigation

Twelve industrial aluminum extrusion profiles, denoted 
Profile_exp_1 to Profile_exp_12, were selected for experi-
ments. The range of geometric parameters addressed 
in experiments is summarized in Table 1, with profiles 
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All profiles were initially cut into 100 mm samples, with 
regions in which charge welds were present cut into smaller 
sections to allow detailed investigation into evolution of the 
defect. All samples were polished on the advancing side 
relative to the extrusion direction with progressively finer 
abrasive paper up to P1200, followed by etching with a 30% 
sodium hydroxide solution in water at 60 °C for 45–90 s 
to reveal the microstructure. An example of the acquired 
microstructure is shown in Fig. 2. To assess and quantify the 
charge welds, each section was photographed to allow mea-
surement of contours enclosing new billet material, with the 
percentage of new material determined as a function of the 
distance from the stop mark. The defect was considered to 
be extinct when 99% of the section was made up of new 
material. This threshold was slightly higher than the typical 
value of approximately 95% [29] to account for difficulties 
in evaluating material behavior as the new billet approaches 
the profile surface. Final values of charge weld length were 
stored within an initial dataset for validation of FEM simu-
lations and later use for calibrating the developed analytical 
model.

2.2  FEM simulation

Numerical FEM simulations of all extruded profiles were 
performed using HyperXtrude® by Altair Engineering. The 
3D CAD geometries of each tool were firstly processed 
through Boolean subtraction operations to define the mate-
rial flow domains, allowing implementation of Arbitrary 
Lagrangian–Eulerian (ALE) transient simulations. The 
computational model included a detailed representation 
of the billet, feeder, porthole, pocket, bearing and profile 

comprising both solid and hollow profile sections with 
varying levels of geometric complexity representing typi-
cal commercial applications. Profiles were extruded from 
AA6060, AA6082 and AA6063 aluminum alloy billets, 
with each profile produced from a single alloy. The three 
investigated alloys are part of the 6XXX series, which 
accounts for the majority of industrial aluminum extru-
sion applications. Moreover, the selected materials include 
both alloys characterized by relatively low flow stress and 
high extrudability such as AA6060 and AA6063, typically 
classified as low-strength alloys, and AA6082, which is 
generally classified as a medium-strength alloy [36]. This 
combination allowed the dataset to capture a broad range 
of billet material flow stresses, ensuring representativeness 
across different extrudability conditions. Together with 
the comprehensive set of profiles and parameter ranges 
employed, this material selection enabled a robust evalua-
tion of the influence of geometry on extrusion behaviour.

Table 1  Die and profile geometric parameter ranges addressed in 
experiments
Die/Profile parameter Min value Max value
V [mm3] 3.0 × 105 2.7 × 106

A [mm2] 165.3 2776.0
n 1 4
dev 1 1.8235
dev4 2.8350 39.1417
dev5 1.3917 2.6439
R1 0.6300 2.4736
R2 2.2282 31.1111
Cd_die 1.3980 1.8305
C3 8.3 146.9
L1 1.7483 64.7165

Fig. 2  Example of charge weld evolution as a function of distance from the stopmark based on metallographic analysis of material flow from the 
incoming billet. Red: new billet material; Green: old billet material
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All FEM analyses were performed as transient simulations 
with moving boundaries. With this approach, the bearing, 
porthole, welding chamber and profile region mesh remained 
fixed throughout the process, while the billet mesh was con-
tinuously deformed and compressed by the ram displace-
ment. To improve the accuracy of the transient solution, 
simulations were executed with a variable number of time 
steps, which were refined during critical stages of material 
flow [41]. In order to determine the most suitable mesh size 
and time-step values, a convergence analysis was carried 
out on Profile_exp_1. Results of the analysis are reported in 
Table 3. Three configurations were tested, including coarse, 
fine and extremely fine settings. In each case, the predicted 
maximum extrusion load, extrusion temperature and simu-
lation time were recorded. This procedure made it pos-
sible to identify the optimal balance between accuracy and 
computational efficiency, ensuring reliable results without 
unnecessary computational cost. The performed mesh and 
time-step sensitivity analysis showed that refining discreti-
zation from coarse to fine produced improvements in both 
the predicted extrusion load and temperature, with the maxi-
mum load decreasing from 19.1 MN to 17.5 MN and the 
temperature increasing from 535 °C to 542 °C. However, 
further refinement to an extremely fine setting did not lead 
to any additional changes in either quantity, which remained 

regions. The billet, feeder, porthole and pockets were dis-
cretized using 3D tetrahedral elements with four nodes each, 
while the bearing and profile regions were discretized with 
3D prismatic elements with six nodes each to better capture 
the complex velocity and temperature gradients within these 
critical regions. Examples of meshing and material flow 
within HyperXtrude® are shown in Fig. 3.

All simulations adopted a viscoplastic friction model 
with a friction coefficient of 0.3 at the bearing interface and a 
sticking condition at the billet-container and billet-die inter-
faces. A convective heat transfer coefficient of 11,000 W/
(m²·°C) was applied at the interfaces between the workpiece 
and tool [26]. At the die exit, a zero normal stress boundary 
condition was imposed to ensure realistic material outflow. 
The constitutive behavior of the aluminum alloys employed 
in experiments was described with the Hensel–Spittel 
model [37], where the flow stress, 

−
σ, is a function of the 

strain, 
−
ε , strain rate, 

−̇
ε , and temperature, T, as per Eq. (1). 

The corresponding coefficients, reported in Table 2, were 
taken from previous studies [38–40] for AA6082, AA6063 
and AA6060 aluminum alloys. All material parameters were 
retrieved from the standard Altair material database.

Table 2  Hensel-Spittel parameters employed within simulations for 
AA6082, AA6063 and AA6060 aluminum alloys
Hensel-Spittel parameters AA6082 AA6063 AA6060
A [MPa] 568,000 1135.82 1014.7
m1 [K− 1] -0.002117 -0.004784 -0.00438
m2 0.1059 0.077934 0.2425
m3 0.08299 -0.225984 -0.0965
m4 0.0009266 0.00197 -0.000438
m5 [K− 1] -0.0005221 -0.0003496 -0.000766
m7 0.02343 0.008249 0.0939
m8 [K− 1] 0.00006741 0.0004796 0.000291
m9 -1.208 0 0

Table 3  Results of FEM convergence analysis
Mesh size and time-
step setting

Maximum 
extrusion load

Extrusion 
temperature

Com-
puta-
tional 
time

Coarse 19.1 MN 535 °C 22 h
Fine 17.5 MN 542 °C 38 h
Extremely fine 17.5 MN 542 °C 46 h

Fig. 3  Die mesh and material flow in HyperXtrude®
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temperature were consistently below 5%, confirming the 
robustness and accuracy of the proposed FEM model. An 
example of comparison between simulation and experimen-
tal results is provided in Fig. 4 for Profile_exp_1.

Once validation of the FEM model had been completed 
by comparing experimental and numerical data on extru-
sion load, profile exit temperature and charge weld extent 
(see Section   3.1), an additional 84 extruded profiles, 
denoted Profile_FEM_1 to Profile_FEM_84, were simu-
lated to expand the original dataset. The range of geomet-
ric parameters addressed in the simulations is summarized 
in Table 4. The dataset includes profiles comprising both 
hollow and solid sections with varying levels of geomet-
ric complexity, covering a wider parameter range than 
the experimental cases and including both symmetric and 
asymmetric configurations representative of industrial die 
designs.

2.3  Analytical model for charge weld prediction

One of the earliest approaches to analytical modeling of 
charge weld length was introduced by Valberg [8], who 
expressed the thickness of the co-extruded layer, t, as a 
function of a profile-dependent constant, K, the perimeter of 
the profile, Lp, and the length of the profile measured from 
the location of the weld plane cusp, l:

identical to those obtained with the fine setting. The only 
effect of the extremely fine setting was a substantial increase 
in computational time, from 38 h to 46 h. The fine setting 
was therefore selected as the optimal balance between accu-
racy and computational cost.

Simulations were performed for the three different alu-
minum alloys employed in experiments, AA6060, AA6082 
and AA6063, with Hensel–Spittel coefficients as reported in 
Table 2. The predicted extrusion loads and temperature dis-
tributions were validated against the 12 experimental cases. 
Differences between numerical predictions and experi-
mental measurements of the extrusion load and profile exit 

Table 4  Die and profile geometric parameters ranges addressed in 
FEM simulations
Die/Profile parameter Min Value Max Value
V [mm3] 5.9 × 105 3.4 × 107

A [mm2] 225 1577
n 1 4
dev 1 7.1038
dev4 1 25.8244
dev5 1 10.5769
R1 0.6300 13.2200
R2 0.8325 32.1746
Cd_die 1.1785 1.7054
C3 1 97.0852
L1 2.6854 98.9295

Fig. 4  Comparison between simulated and experimental profile exit temperature and max extrusion load for Profile_exp_1
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not all of the port volume contributes to material flow due 
to the presence of dead metal zones, and that material at 
the center of the ports moves faster than that adjacent to 
the walls due to friction. Both factors tend to increase the 
actual defect length compared to Saha’s original prediction, 
justifying the use of the additional coefficient in Jowett’s 
formula.

The analytical model developed within the present study 
builds upon the groundwork provided by these works, intro-
ducing additional parameters to greatly improve applicabil-
ity to industrially-relevant die and profile geometries. The 
geometric parameters presented in Fig.  5 were therefore 
selected based on industrial experience and previous stud-
ies. The objective of the developed model was to introduce 
penalty coefficients to account for the complexity of the die 
geometry and consequently correct predictions provided by 
the Saha model.

In addition to the geometric parameters defined within 
Saha’s formulation in Eq. (3), two local extrusion ratios were 
calculated to account for the evolution of material flow from 
die entry to bearing exit. The parameter R1 was defined as 
the maximum ratio of the inlet area of an individual feeder 
to the area feeding the welding chamber as per Eq. (4). The 
parameter R2 was defined as the maximum ratio of the area 
feeding the welding chamber to the exit area of the profile 
segment associated with that feeder as per Eq. (5). A value 
of R1 close to 1 combined with a high value of R2 therefore 

t = K

Lp · l
� (2)

This formula was based on consideration of the portion of 
material trapped at die corners between successive billets 
for simple axisymmetric profiles. During extrusion, this 
material is gradually pushed out and completely replaced 
by the new billet. Valberg therefore sought to estimate the 
thickness of the leftover portion from the previous billet, 
which progressively decreases as the length of the new 
extruded billet increases. While providing a simple esti-
mate, the applicability of this model was limited by the 
coefficient K, which must be calibrated for specific profile 
types and die configurations and therefore may not be accu-
rate for more complex or multi-port hollow sections typical 
of industrial production. A subsequent formulation by Saha 
[34] expressed the charge weld extent, d, as a simple func-
tion of the material volume within the die port, V1, the mate-
rial volume within the welding chamber, V2, the profile exit 
area, Ae, and the number of die openings, n:

d = (V 1 + V 2)
Ae · n

� (3)

Jowett et al. [35] introduced a corrective factor by multiply-
ing Eq. (3) by 1.5, improving agreement with experimental 
measurements. This adjustment accounted for the fact that 

Fig. 5  Geometric parameters used as inputs for the analytical model: a) die cross-section; b) feeder-related parameters; c) profile-related parameters
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L1 =
V

(Afeeder)

Ldie

� (11)

Cd_die = 1 + sin (αdie)� (12)

where a1…a3 are coefficients to be determined based on 
acquired data. These descriptors were then used as inputs to 
calculate the predicted charge weld length in the extrusion 
direction, dcw:

dcw = Jm + b1 · Cb2
3 + b3 · Devb4

4 + b5 · Devb6
5 + b7 · Lb8

1 + b9 · Cb10
d_die� (13)

where b1…b9 are coefficients to be determined based on 
acquired data. Coefficients within the proposed model were 
obtained via nonlinear regression in MATLAB using the func-
tion nlinfit. Acquired data (see Sections   2.1 and 2.2) were 
firstly organized into predictor and response arrays, after which 
a single function was defined to describe model behavior. The 
nonlinear regression algorithm within nlinfit performed itera-
tive nonlinear least-squares regression based on user-defined 
initial values with the Levenberg–Marquardt method until 
obtaining convergence of coefficient estimates. The final set 
of coefficients obtained with this procedure was subsequently 
used in the model for further analysis and validation.

3  Results and discussion

3.1  Comparison between FEM simulation and 
experimental charge welds

Figure 6 presents examples of experimental charge weld evo-
lution for Profile_exp_1 and Profile_exp_3, representing solid 
and hollow profiles, at three different distances from the stop-
mark. The presence of new billet material (red region in Fig. 6) 
initiates at the center of Profile_exp_1, expanding towards the 
profile boundaries as the distance from the stopmark increases. 
The threshold for defect extinction (> 99% new billet mate-
rial) was achieved within 500 mm from the stop mark. More 
complex behavior can instead be observed for Profile_exp_3, 
with large quantities of old billet material persisting beyond 
1100 mm from the stopmark, with gradual expansion of new 
billet material along the thin central walls and finally along 
the thicker left-hand wall. In this case, the threshold for defect 
extinction was achieved within 2500 mm from the stop mark, 
implying five times the scrap length than for Profile_exp_1. 
This outcome was due to the high extrusion ration and com-
plex deformation required to achieve Profile_exp_3.

Upon validation of FEM simulations based on the extru-
sion load and temperature distribution for Profile_exp_1 to 
Profile_exp_12 (see Section   2.2), a comparison between 
the real and predicted charge weld length was performed 

indicated strong convergence of material flow at the exit; a 
condition that could potentially promote faster charge weld 
extinction and therefore decreased scrap length.

The maximum convergence or divergence angle of the 
feeder chamber, αdie, was also considered to account for 
the effects of flow convergence, as it was expected that 
divergent flow would increase defect persistence, while 
convergent flow would accelerate its decay. The diameter 
of the circumscribed circular area of the profile, CCD, and 
the minimum profile wall thickness, Tm, were accounted 
for to incorporate the complexity index, C3 as per Eq. (6), 
based on the methodology proposed by Qamar [16]. Higher 
C3 values, associated with thin sections or details located 
far from the die axis, were expected to slow down defect 
extinction and consequently increase the scrap length. Addi-
tional significant parameters included the maximum and 
minimum port areas, Aport_max and Aport_min respectively, the 
die length, Ldie, and the areas circumscribing both the feed-
ers and the exit profile, Acf. and Acp. respectively. The latter 
two quantities were included to account for the complexity 
of the die, as small values of effective feeding and exit areas 
compared to their circumscribed region were considered as 
indicating higher complexity.

A set of descriptors was calculated based on these quan-
tities with the aim of capturing the combined geometric 
complexity of the die and extruded profile. Specifically, the 
deviation parameter dev, the novel synthetic complexity 
index Jm, deviation metrics dev4 and dev5, and geometric 
parameter L1, were defined as per Eqs. (7)-(11), as well as 
the parameter Cd_die defined as per Eq. (12):

R1 = Abillet

Aport_entrace
� (4)

R2 =
Aport_exit

Aprofile
� (5)

C3 = CCD

Tm
� (6)

dev =
Aport_max

Aport_min
� (7)

Jm =

(
V

A·n
)

∗ deva1 ∗
(

1 + a2 ∗ exp
(

−a3∗R2
R1

))

1 ± sinα
� (8)

dev4 = Acp

Aprofile
� (9)

dev5 = Acf

Afeeder
� (10)
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frequency of input variables described in Section  2.3, while 
part (l) reports the frequency of the measured or simulated 
charge weld length within the final dataset. Most input quan-
tities exhibit skewed distributions, with higher frequency at 
lower values. The parameter V / (A×h), employed to esti-
mate charge weld extent by Saha as per Eq. (3), exhibits a 
peak at approximately 500 mm (Fig. 9a), with more than 40 
occurrences, followed by a sparse distribution up to approx-
imately 4500 mm. This suggests that the majority of cases 
correspond to relatively low normalized volumes, with only 
a few cases having higher values.

The deviation factor dev is concentrated near 1 (Fig. 9b), 
with over 70 occurrences falling within the range 1-1.5. 
Such narrow clustering highlights the fact that most geom-
etries present minimal deviation, with a limited number of 
cases reaching values above 6. Similarly, the distribution of 
R1 (Fig. 9c) exhibits roughly 65 occurrences below 2, with 
only a small number of points extending up to 12, empha-
sizing the predominance of low R1 ratios. Conversely, R2 
exhibits a more dispersed distribution (Fig. 9d), with a range 
of high values between 4 and 7 and a long tail extending 
up to values above 30, indicating greater variability of this 
parameter.

C3 presents strong skewness (Fig. 9e), with the majority 
of data below 20 and only a few points exceeding 100. A 
similar trend can be seen for dev4 (Fig. 9f), where about 45 
cases are concentrated below 5, while sporadic occurrences 
appear up to 40. The parameter dev5 maintains a similar 
shape (Fig. 9g), with the major of values between 1 and 3 
and a few scattered up to approximately 11. The distribution 

for the same profiles. Table 5 and Fig. 7 show that the pre-
diction error was consistently below 10% of the measured 
value. The mean absolute percentage error (MAPE) was 
7.74%, confirming the reliability of the developed FEM 
model. Figure  8 provides a qualitative representation of 
selected profiles, showing that the shape of the new billet 
material within the profile section, highlighted in red within 
the figure, accurately matches experimental results. These 
outcomes further validated the FEM model and supported 
expansion of the dataset through generation of additional 
numerical results for additional cases, an essential step 
towards building a sufficiently large dataset for calibrating 
the analytical model.

Having confirmed agreement between experimen-
tal observations and FEM simulations, an additional 84 
extruded profiles were simulated via FEM with the aim 
of compiling a sufficiently large dataset for regression of 
analytical model coefficients in a robust and representative 
manner. Additional data were combined with the 12 experi-
mental cases to obtain a final dataset comprising 96 entries. 
To guarantee statistical representativeness, the dataset was 
designed to cover a broad range of process parameters, 
including all die geometry features indicated in Fig. 5, thus 
allowing the regression model to capture nonlinear depen-
dencies across the full process window.

3.2  Final dataset

Figure 9 presents the occurrence frequency of the main 
variables within the final dataset. Parts (a)-(i) report the 

Fig. 6  Example of experimental charge weld evolution at three different distances from stopmark: a) Profile_exp_1; b) Profile_exp_3. Red: new 
billet material
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of L1 (Fig. 9h) also follows this pattern, with most data fall-
ing below 20 and a sharp drop in frequency for larger values 
up to approximately 100. In contrast, Cd_die (Fig. 9i) exhib-
its a relatively constant distribution over the range 1.1–1.8, 
suggesting a more homogeneous distribution.

Finally, the charge weld length (Fig. 9j) exhibits a pro-
nounced peak for weld lengths below 1000 mm. This out-
come is consistent with typical industrial practice, as in 
most extrusion operations the die design is intentionally 
optimized to minimize scrap and ensure efficient material 
utilization. As a consequence, short charge welds are sys-
tematically pursued during process and die design. This 
results in a predominance of cases with limited charge weld 
length, while longer welds represent less frequent or subop-
timal configurations. Therefore, the observed statistical dis-
tribution is representative of industrially relevant conditions 
corresponding to low scrap due to charge welds.

3.3  Regression of analytical model coefficients

A non-linear regression was performed to establish a rela-
tionship between the geometric variables defined in Eq. (13) 
and the actual charge weld length defined within the final 
dataset. Regression coefficients obtained with the MATLAB 
function nlinfit are reported in Table 6.

3.4  Evaluation of analytical model

The developed analytical model was found to exhibit excel-
lent agreement with the actual charge weld length, achiev-
ing a MAPE of 8.91% with the final dataset. The model 
significantly outperformed existing analytical formulations 
in the literature, including the Saha and Jowett models (see 
Section   2.3), which yielded values of MAPE of 32.61% 
and 15.35%, respectively. Figures 10, 11 and 12 compare 
predicted and actual values of charge weld length for the 
three models. The model proposed within the present work 
exhibits tight clustering around the red line in Fig. 10 indi-
cating exact correspondence between predicted and actual 
values, confirming high accuracy and reliability across the 
entire final dataset. The blue dashed lines indicate ± 25% 
error bounds. As can be observed in Fig.  10, all but one 
prediction falls within this region. In contrast, the number 
of cases with high error increases significantly when adopt-
ing the Saha (Fig. 11) or Jowett (Fig. 12) models. The for-
mer largely underestimates the weld length, while the latter 
larger overestimates the value.

These outcomes are important as they imply that the new 
analytical model can accurately predict the charge weld 
length significantly faster than FEM simulations, requir-
ing only the acquisition of geometric parameters relating to 
the die and extruded profile once model coefficients have 
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The work was motivated by requirements for faster but reli-
able alternatives to FEM simulations, which, despite their 
accuracy, require significant computational resources and 
are not always practical for industrial die-design work-
flows. The developed model was shown to provide accu-
rate predictions for complex industrially-relevant profiles 
by accounting for a wider range of parameters compared to 
previous analytical approaches, including the inlet area, the 
area feeding the welding chamber and the exit area, as well 
as the angle of the feeding chamber, port area and profile 
wall thickness, amongst others. Model coefficients were 
determined via non-linear regression based on a combined 
dataset comprising 12 industrial profiles that were charac-
terized experimentally and an additional 84 profiles that 

been determined. Moreover, the formula proposed within 
this work can also be employed to define an initial set of 
geometric parameters for die design which, when combined 
with those provided by other models and operator design 
experience, can lead to improvements in both the quality 
and overall efficiency of the die-design process in industrial 
settings.

4  Conclusion

The present study has proposed a new analytical model 
for predicting charge weld length in continuous aluminum 
extrusion using only die and profile geometric parameters. 

Fig. 8  Qualitative analysis of charge weld evolution in selected profiles at specific distances from the stopmark. Red: new billet material

 

Fig. 7  Comparison of real 
(experimental) and predicted 
(FEM) charge weld length for 12 
extruded profiles
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toward more predictive, data-driven and time-efficient 
design strategies in aluminum extrusion. Although the 
current dataset ensures robust model development within 
the investigated 6XXX alloys, future work will focus on 
extending the experimental campaign to additional alloy 
systems in order to assess the sensitivity of the model to 
variations in material properties, improve its generaliz-
ability and perform a systematic analysis of potential 
outliers.

were obtained numerically with a FEM simulation devel-
oped in Altair HyperXtrude®.

The developed analytical model was found to exhibit 
excellent agreement with the actual charge weld length, 
achieving a MAPE of 8.91% compared to 32.61% with 
the Saha model and 15.35% with the Jowett model. The 
model was therefore proven capable of accounting for 
complex relationships between die geometry, flow con-
ditions and charge weld evolution. The formulation pre-
sented within this work therefore provides an efficient and 
accurate tool for estimating charge weld length without 
the need for time-consuming FEM simulations. Rely-
ing solely on readily-available geometric parameters, it 
offers a practical approach to support both preliminary 
assessment and iterative optimization during the die-
design phase, representing a meaningful advancement 

Fig. 9  Frequency of main variables within the final dataset: a) V / 
(A×h); b) dev; c) R1; d) R2; e) C3; f) dev4; g) dev5; h) L1; i) Cd_die; 
j) dCW

Table 6  Analytical model coefficients obtained via nonlinear regres-
sion
Model 
coefficients

Calculated 
value

Model 
coefficients

Calculated 
value

a1 0.2224 b5 4.8186
a2 0.5003 b6 2.2174
a3 -0.0044 b7 -3.8827 × 10− 6

b1 4.3547 b8 4.1814
b2 0.9304 b9 79.2346
b3 -45.2850 b10 3.4592
b4 -2.3049 × 103

Fig. 10  Comparison of predicted and actual charge weld length with 
the proposed model (Eq. (12))

 

Fig. 11  Comparison of predicted and actual charge weld length with 
the Saha model (see Section  2.3)

 

Fig. 12  Comparison of predicted and actual charge weld length with 
the Jowett model see (Section  2.3)
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