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Abstract. The paper presents a detailed analysis of metal flow inside the extrusion dies and 
demonstrates the investigation of the formation of underfilling defects. The stress state in the defect 
zones has been analyzed by means of simulation based on the Eulerian approach. Based on this, it 
was found that the mean stress (hydrostatic pressure) is not the only parameter that has to be placed 
into the criterion to get reliable results. The author proposes a new dimensionless underfilling 
criterion adapted for Eulerian mesh. It is based on analysis of simulation results obtained by QForm 
Extrusion FEM software and practical experiments for different types of profiles. This criterion has 
been approved, and critical values have been obtained using a number of industrial projects from 
different areas of application. 

Introduction 
Currently, in the aluminium industry, there is a high demand for a wide range of extruded profiles 

of different complexity: from solid bars to sophisticated hollow shapes for the automotive, aerospace, 
railway, and other industries. Complex shape extrusion dies are to be designed in a short time to cover 
practical needs. In this case, decisions are mostly based on the die designer's experience, making the 
design process more like an art rather than a science. That is why now, to minimize the risks, the 
numerical simulation of the extrusion process using the finite element method [1] becomes an 
indispensable stage within the general workflow of the tool and technology design. 

Several different kinds of defects may appear during the industrial production of extruded profiles. 
The description of these defects and practical suggestions on how to avoid them were published in 
several works [2-5]. Additionally, the specific defects such as streaking lines [6-8], insufficient 
welding quality [9-13], back-end defect [14-16], charge weld propagation [16-19], surface speed 
cracking [20, 21] defects related to 
microstructure [22, 23] etc. have been 
investigated in more details using numerical 
simulations and industrial trials. 

Meanwhile, one more defect that 
regularly appears in practice is underfilling 
(Fig. 1). It looks like holes or voids mostly 
in massive areas of the profile. In general, 
this defect can happen in extrusion through 
porthole tools with excessive support of 
mandrel cores or when an inappropriate 
shape of so-called fake mandrel core is used 
that has no bearings connected to it. A 
scheme of the defect formation is in Fig. 1. 
Here a predefective zone (pink) can be 
distinguished where the conditions of underfilling defect formation are fulfilled only partially, so the 
flow through these zones does not lead to a void. Red colour schematically represents the void. 

 
Fig. 1. Graphical representation of the underfilling defect 
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Unlike the other extrusion defects listed above, the investigation of the underfilling defect using 
numerical simulation has not been properly done. This paper aims to find the way to predict this kind 
of defects in extruded profiles using the numerical simulation of extrusion. 

Two Approaches to Material Flow Description 
There are two ways to describe the deformed material motion that may be used in numerical 

simulation, i.e., Lagrangian and Eulerian. Principally both of them provide a comprehensive 
description of a continuum motion but have certain specifics when implemented in numerical 
simulation. One of such specifics is a visualization of a material flow. That is why this paper is 
focused on differences that affect the detection of the underfilling defect but without mathematical 
details, which are comprehensively described by several other authors [24-26]. 

Basics of Lagrangian approach. The Lagrangian approach is the most commonly and effectively 
used for finite element simulation of metal forming processes. This approach uses a movable mesh 
where each new position of nodes of finite elements is defined using velocity distribution calculated 
for a given time step. At each time increment, local boundary conditions may change due to contact 
development between deformed material and tools. It means that the metal flow is dynamically 
animated together with the mesh motion (Fig. 2). 

 One of the disadvantages of this method for the simulation of three-dimensional extrusion 
processes is the necessity of an incremental 
approach [26]. In this case, the continuous 
process is solved step-by-step from the initial 
billet configuration to a certain quasi-steady 
extrusion stage. The use of the incremental 
approach causes the distortion of finite elements, 
resulting in the accumulation of calculation 
inaccuracies and requires high mesh density in 
bearing zones that lead to significant simulation 
time. Thus, this approach is not widely used for 
the simulation of extrusion processes in 
industrial conditions since it cannot achieve the 
required accuracy within on time delivery (OTD) 
limits. 

 Basics of Eulerian approach. Unlike the Lagrangian approach, in the case of the Eulerian 
approach, the "flow-through" is simulated using a stationary mesh with certain initially defined 
boundary conditions. The boundary of the mesh is predefined based on the tool cavities, including 
the die orifice, and constrain the space where the metal can flow. Such an approach realized in QForm 
FEM software allows making the mesh flexibly adapted, providing fine mesh, especially in the profile 
near the bearings. This significantly impacts the accuracy of metal flow calculation, making it 
possible to consider small angles of bearing inclination on the calibrating surface of the tool. 

On the other hand, the presence of Eulerian mesh inside tool cavities means that tool ports, 
chambers and profile sections are initially filled by finite elements (Fig 2). Therefore, it is not possible 
to distinguish an underfilling defect as voids in an extrudate. Nevertheless, since the Eulerian 
approach is the most effective for the processes where the deformation zone is stationary, this 
approach is predominantly used to simulate extrusion processes in industrial conditions [27]. 

Other Eulerian mesh-based approaches. There are several modified methods such as Arbitrary 
Lagrangian-Eulerian (ALE), multi-material ALE (MMALE), Coupled Eulerian-Lagrangian (CEL), 
etc., that combine Lagrangian and Eulerian approaches, partially taking advantages and eliminating 
disadvantages of both basic formulations. Regardless of the difference between them, in application 
to simulation of the extrusion processes, the common fact is that the stationary mesh is always used 
to define metal flow conditions inside the tool cavities. Therefore, the creation of a criterion that 

 
Fig. 2. Comparison of Lagrangian and Eulerian meshes 
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makes it possible to predict the underfilling defect using Eulerian mesh is a relevant research 
challenge. 

Derivation of underfilling criterion 
In extrusion, the stress inside the cavities before entering the bearing zone of the die set is a triaxial 

compression. The compression decreases along the extrusion direction as the metal approaches the 
bearings. It means that the material flows through the die set with a negative mean stress (𝜎𝑚 < 0) 
everywhere except the bearings zone. It is better to use the triaxiality 𝜎𝑚/𝜎𝑠 that is the ratio of mean 
stress to the flow stress in order to operate with dimensionless values. Since the Von Mises yield 
criterion is used and 𝜎 = 𝜎𝑠, where 𝜎 is effective stress. 

 Therefore, it can be assumed that the triaxiality parameter can be used for the assessment of an 
underfilling defect, namely for the zones where the mean stress is over zero along the flow paths of 
the points. Another assumption is based on the idea that the underfilling is not formed instantly once 
the mean stress over zero is detected, but over a certain period of time. Thereby, to assess an 
underfilling, the triaxiality parameter should be accumulated over time in the zones where mean stress 
is over zero: 

𝑇𝑅 = ∫
𝜎𝑚

+

𝜎𝑠

𝑡

0

𝑑𝑡, (1) 

Here 𝜎𝑚
+ – mean stress above zero, 𝑑𝑡 – time increment. 

Since criterion (1) has the dimension of time, it can be additionally 
assumed that there is some critical time (𝑡𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙) that the metal spends 
inside the die set with the mean stress above zero (𝜎𝑚 >  0) upon which 
a defect is formed: 

𝑇𝑅 = ∫
𝜎𝑚

+

𝜎𝑠

𝑡

0

𝑑𝑡 > 𝑡𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙                                                                             (2) 

It is worth noting that any summation inside the tool cavities before 
reaching the bearings, in the regions where mean stress is over zero, is 
only possible by the use of the Eulerian approach. In reality, there will 
be no metal in the underfilled regions, therefore any values obtained by 

such integration are pseudo-values, the only meaning of which is to predict a defect when using the 
Eulerian approach. 

To consider the proposed hypothesis, a specially prepared project with an evident underfilling 
defect was simulated (Fig. 3). It can be clearly seen that summation of the triaxiality on time according 
to proposed equations (1) and (2) does not allow 
unique identification of the defective zone. 
Additionally, the edge parts of the profile are marked 
improperly (Fig. 4). To analyze the reasons of this 
behaviour, two indicative points have been 
investigated: 1 – a point located in the corner of the 
profile, where an underfilling defect commonly does 
not occur; 2 – the point where an underfilling defect 
is reliably formed. 

For point 1, the accumulation of the main fraction 
of plastic strain occurs before the metal enters the 
bearings, where an increase in deformation is 
practically not observed. At the same time, for point 2, a significant part of the accumulation of plastic 

 
Fig. 3. Tool design with evident 

underfilling defect 

 
Fig. 4. Profile section with TR value (1) calculated for 

the design with evident underfilling defect 
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strain (or pseudo-strain) occurs in the zone of positive mean stresses: 𝜎𝑚 >  0 (Fig. 5). Consequently, 
the ratio of the value of the accumulated strain in the zone of positive stresses to the total accumulated 
strain is significantly different for points 1 and 2 (Table 1). 

 

 
Fig. 5. Dependence of mean stress on plastic strain for points 1 and 2 

Based on the obtained results, the proposed criterion has been transformed taking into account the 
mentioned ratio: 

𝑈 =
𝜀𝑝

+

𝜀𝑝
,                                                                                      (3) 

 Where 𝜀𝑝 – total accumulated plastic strain along path of the point, 𝜀𝑝
+ = 𝑓(𝜎𝑚

+/𝜎𝑠, 𝜀̇, 𝑡) –plastic 
strain (pseudo-strain) accumulated in the zones where 𝜎𝑚 > 0. 

The physical meaning of this criterion (3) is as follows: an underfilling defect is formed when the 
strain value accumulated under mean stress above zero 𝜀𝑝

+ is equal to or greater than a threshold 
fraction (𝑘𝜀) of the total accumulated plastic strain (𝜀𝑝). 

𝑈 =
𝜀𝑝

+

𝜀𝑝
≥ 𝑘𝜀   (4) 

 

540 Achievements and Trends in Material Forming



Table 1. Strain values under mean stress above zero and theirs fraction of the total 
accumulated plastic strain for points 1 and 2 along flow traces 

№ Strain accumulated under 
mean stress above zero 

Ratio of strain accumulated under mean 
stress above zero on total plastic strain 

1 0.48 0.98% 

2 8.21 56.11% 

From where, normalizing by the threshold value, the final form of the criterion can be written as 
follows: 

𝑈𝑛 =
1

𝑘𝜀
⋅

𝜀𝑝
+

𝜀𝑝
≥ 1                                                                                                                                (5) 

 Based on the presented results, the critical fraction of the total accumulated plastic strain (𝒌𝜺) was 
assumed to be equal to 3% of the total accumulated plastic strain for 6xxx series alloys, that allows 
to uniquely highlight the defect area (Fig. 6). This assumption was also made taking into account a 
number of industrial cases considered in comparison with simulation results (some of which are 
presented further in the chapter dedicated to industrial validation of the model). It means that values 
of the criterion (5) below 1 indicate zones free of defect. On the other hand, the zones with values 
close to 1 within some range, might be considered as predefective zones defining the respective flow 
areas (where the conditions of underfilling formation are fulfilled only partially) and marking the 
possible «thin» places of the design. 

  
Fig. 6. Profile section with 𝑈 (4) and 𝑈𝑛 (5) fields calculated for the design with evident underfilling defect 

It is worth noting that according to Fig. 5, it might seem that the summation of strain inside the 
bearing zone is excessive and leads to the accumulation of inaccuracies in the zones near the bearings. 
But practically it is not so, since in some industrial cases like multi-port (MP) or micro-multi-port 
profile extrusion (MMP), the accumulation of perceptible plastic strain may occur inside the bearing 
zone of Eulerian mesh (Fig. 7). It happens because the feeding volume of the central walls of the 
profile are generally designed to be relatively small in order to prevent high axial deflection of the 
tool. Therefore, using Eulerian approach, the impact of flow conditions near the bearings on the 
formation of the underfilling defect is quite sensitive to the specifics of the strain state of the metal 
passing through them, and that is why it has to be taken into account. 
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Fig. 7. Dependence of mean stress on plastic strain for points at the highlighted area 

Industrial Validation of the Model 
To verify whether the proposed criterion of underfilling formation allows for a qualitative 

assessment of designed tools, a number of industrial cases with a wide range of defect propagation 
have been analyzed (Fig. 8). 

The red colour of the underfilling distribution in simulation should be considered as an absence of 
material that directly indicates the unsuitability of the assessed design. All the other distributions 
displayed in such places have to be considered as pseudo-results. The blue colour indicates the 
material without defect. 

According to the results of industrial verification, and taking into account that all the presented 
tests were performed for 6xxx series aluminium alloys, the assumed threshold fracture of accumulated 
plastic strain has been accepted as a critical value, at least for this series. On the other hand, since it 
is assumed that the underfilling model remains the same regardless of the alloy to be extruded, the 
critical value for other alloys can be quite simply defined by means of simulation using the inverse 
method of determination of weight coefficients in the presence of a certain amount of experimental 
data. As it can be seen from Fig. 8, the locations of the voids in the real profiles are in good 
correspondence with the simulation prediction. 

Conclusions 
As a summary, the presented research allows to draw the following key findings: 
• In the case of the Eulerian approach, a positive mean stress in aluminium inside the tool set 

cavities, before the metal enters the bearings, determines the zones where the material does 
not flow during real extrusion 

• Mean stress is not the only parameter that determines underfilling defect for the Eulerian 
approach 
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Fig. 8. Comparison of nominal profile shapes (a), real profile shapes (b) and simulation results (c) using underfilling 

criterion 𝑈𝑛. Experimental data provided by CO.M.P.ES. S.p.A., Brescia, Italy (2, 3) and taken from [28] (4). 

• There is a critical value of plastic strain (pseudo-strain) accumulated in the zone of positive 
mean stresses in relation to the total accumulated strain, exceeding which leads to the 
formation of an underfilling defect 

• For aluminum alloys of the 6xxx series, the critical fraction of the total accumulated plastic 
strain is 3% 
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