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Abstract: Hybrid Metal Extrusion & Bonding Additive Manufacturing (HYB-AM) is a hybrid
manufacturing technology for the deposition of layered metal structures. This new deposition
process is a complex metal forming operation, yet there is significant lack of knowledge regarding
the governing mechanisms. In this work, we have used finite element analysis (FEA) to study
material flow in the extruder, as well as the conditions at the interfaces of the deposited extrudate
and the substrate, aiming to identify and characterize the process parameters involved. Analysis of
the material flow shows that the extrusion pressure is virtually independent of the deposition rate.
Furthermore, from the simulations of the material deposition sequence, it is clearly visible how the
contact pressure at the interface will drop below the bonding threshold if the feed speed is too high
relative to the material flow through the die. The reduced pressure also leads to the formation of
a ’gas-pocket’ inside the die, thus further degrading the conditions for bonding. The analyses of
the process have provided valuable insights for the further development and industrialization of
the process.
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1. Introduction

Hybrid Metal Extrusion and Bonding Additive Manufacturing (HYB-AM) is a new solid-state
additive manufacturing process for the fabrication of layered 3D metal structures [1,2]. The process
operates in the solid-state, meaning that defects associated with melting of the feedstock material
are avoided. Furthermore, the low heat input enables high deposition rates when compared to the
melted-state AM-process. The process is, therefore, particularly suitable for low-volume manufacturing
of larger components where subtractive machining becomes inefficient due to low material utilization,
or where forming or casting processes are disqualified due to high tooling costs.

In HYB-AM, the feedstock material is processed through a continuous rotary extruder, which
serves the purpose of dispersing oxides and providing pressure for bonding to occur between the
extrudate and the substrate. During operation, the die is scraping the substrate to remove surface oxides
as the feedstock material is deposited in a stringer-by-stringer manner to form layers. The principle is
illustrated in Figure 1. After deposition, the part needs to be post-processed by traditional subtractive
machining to obtain the desired net-shape. The latest extruder design and samples produced by this
process are shown in Figure 2.

Up until now, the research on the HYB-AM process has focused on concept development through
physical modelling, along with full-scale experiments using AA6082 feedstock material, an Al-Mg-Si
alloy mainly used for hot forming processes. The first full-scale experiments aimed at demonstrating
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the process on a proof-of-concept level and exploring the potential of the process [3]. More recently,
a full-scale experiment was carried out to assess the mechanical integrity of a deposited structure [4].
Microscopy analyses show that fully dense bonding interfaces can be achieved, though some voids
can be observed between the individual stringers. Observations of fracture surfaces reveal areas of full
metallic bonding; however, regions of kissing-bonds and lack of bonding are also visible. Through
these full-scale experiments, the HYB-AM process has demonstrated its proof-of-concept and capability
for processing advanced aluminium alloys. Nevertheless, this process is a complex metal forming
operation, and the governing mechanisms need to be better understood in order to optimize the
process towards industrialization.

Figure 1. The extruder consists of a wheel with a groove surrounded by a stationary housing.
The feedstock wire is pressed into the groove, and upon rotation the extrusion pressure is built
up as the material is blocked by an abutment close to the die. The die also acts as a scraper in order to
remove oxides from the substrate prior to bonding with the extrudate. (a) principal illustrations of the
hybrid metal extrusion & bonding additive manufacturing (HYB-AM) extruder; (b) rendering of the
extruder and a deposited structure.

Figure 2. Full-scale demonstration of the HYB-AM process. (a) the extruder prototype; (b) two layers
(4 + 3 stringers) of AA6082 deposited on a substrate of the same alloy; (c) net-shape demo sample after
post-processing by subtractive machining.

In this study, we have applied finite element analysis (FEA) using commercially available Deform
3D software to analyse and interpret some of the governing mechanisms of the process. The following
objectives are covered: (1) to study the material flow in the extruder with regard to extrusion grip
length, contact pressure, peak temperatures and strain-rates at steady-state for two different deposition
rates; (2) to investigate the thermo-mechanical conditions for the bond interface between the extrudate
and the substrate with regard to the obtained contact pressure at different ratios between extrusion
flow rate and feed speed.
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The remainder of this paper is organized as follows: The next section provides an introduction to
the working principles of the HYB-AM process. Section 3 presents the FEM-models and simulation
parameters used throughout the study. Section 4 presents the results from the simulations, while
Section 5 discusses the results. Conclusions are given in Section 6.

2. The HYB-AM Process

The pressure-generating mechanism in the HYB-AM extruder is based on the principle of
continuous rotary extrusion (CRE), also known as Conform extrusion [5,6]. Over the past several
decades, the CRE process has been subjected to multiple studies, covering the range of Al, Cu, Mg and
Ti alloys [7–11]. More recently, as FEM-modelling has become a viable tool for this type of problems,
several studies have validated the relationships between simulations and full-scale experiments.
Kim et al. [12] used numerical simulation to identify optimal process parameters for CRE. Hodek and
Zemko [13] studied CRE of titanium through experiments and simulations. Valberg et al. [14] have
used FEA to study the early stages of CRE using aluminium feedstock, while Rajendran et al. have
simulated processing of AA3003 [15] and magnesium alloy AZ91 [16].

Following the illustration in Figure 1b, the extrusion pressure is created by the frictional force
between the feedstock wire and the tapered groove of the rotating wheel. The wheel is sealed by a
stationary housing provided with an abutment and a die. The feedstock is firmly pressed into the
groove and driven forward by the rotation of the wheel. Subsequently, the feedstock wire is blocked
by the abutment and axial compression is induced, causing the material to yield and fill the entire
cross-section. This, in turn, increases the contact surface and friction, leading to further pressure
build-up, ultimately causing the material to flow out of the die.

Figure 1a illustrates the HYB-AM deposition sequence. A blank of aluminium is fixed on a
heated bed to act as a substrate upon which the material is deposited. The extruder adds material as
it moves in the direction of deposition, placing stringers side-by-side to form a layer, and allowing
new layers to be added on top of each other. As deposition proceeds, the die-outlet is simultaneously
scraping the underlying layer and the side wall of the adjacent stringer to remove the oxide layer.
This creates the required conditions for bonding with the extrudate to occur. The metal flow and
the bonding mechanisms in the HYB-AM process are similar to those observed in longitudinal seam
welds of porthole-die extrusions, where welds are formed under high pressure as material streams
merge after flowing around the die-bridges [17–20]. However, unlike porthole-die extrusions, in the
case of HYB-AM, the merging metal streams should be considered as mating streams of extrudate
and substrate.

3. Materials and Methods

3.1. FEM-Models

The CAD files for the FEM-models were prepared in Fusion 360 (V2.0, Autodesk, San Rafael, CA,
USA). The overall design is similar to that of the parts used for the full-scale experiments (Figure 2),
except for the geometry being modified such that an interference is added between all moving parts
to prevent loss of nodes during simulations. The FEM analysis is conducted in Deform 3D software
(V11.3, Scientific Forming Technologies Corporation, Columbus, OH, USA).

Full-scale experiments on the HYB-AM process have been conducted on AA6082 feedstock
material. For the FEM-analysis, the flow stress data for AA6082, as a function of strain and temperature
for various strain rates, were obtained from the material library in the software, which is based on [21].
Figure 3 presents the flow stress curves for the temperature range 300 ◦C to 500 ◦C for strain rates of
0.3 s−1, 10 s−1and 100 s−1.
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Figure 3. Material data for AA6082 at in the range 300◦C to 500◦C for strain rates: (a) 0.3s−1, (b) 0.3s−1

and (c) 100s−1. Data is obtained from Deform 3D material library based on [21].

3.2. Model 1: Extrusion Pressure Generating Mechanism

The numerical model of the extruder consists of the housing, the conform wheel and the feedstock
material, as depicted in Figure 4. The abutment and the die geometry is merged with the housing to
simplify meshing of the FEM-model.

Figure 4. The geometry used for finite element method (FEM) model 1 as seen from below. (a) the
housing, merged with the die and the abutment; (b) the conform wheel; (c) the feedstock wire.

Referring to the first objective (1), our investigations aim to observe the material flow at
steady-state conditions. The simulations were, therefore, initiated with a filled chamber and die,
but with the extrusion grip length shorter than what expected to be seen at steady-state. The feedstock
wire is partially formed to the shape of the groove in the wheel, yet it has the same cross-section
as that of the Ø1.6 mm feedstock wire, see Figure 5a. The surface area in contact with the groove
walls and the wall of the housing is shown in Figure 5b. A rigid surface is modeled to represent the
substrate at the die outlet in order to obtain extrusion pressures at the same magnitude as that achieved
during deposition.

Two different simulations have been carried out for model 1, where the angular velocity of the
wheel is the only parameter subjected to change. The Tresca friction model is used for modelling
contact friction; τ = m · k, [22], where τ is the frictional stress, m is the friction factor and k is the shear
yield stress. The friction factor between the feedstock material and the tooling was kept arbitrary high,
m = 2, to ensure sticking friction condition with no sliding. The feedstock is modelled as a rigid-plastic
material and the tooling is modelled as a rigid surface. A heat transfer coefficient of 11(N/s)/(mm/c)
is applied for the contact between the feedstock and the tool parts. The meshes are shown in Figure 6
and the complete set of simulation parameters can be found in Table 1.
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Figure 5. The initial contact between the feedstock material and the tooling for model 1. (a) section
through the wheel and housing; (b) the feedstock with indication of contact points.

Figure 6. The meshes used for model 1. The meshes are refined in the plastic zone where the strain
rates are at the highest. (a) the wheel and the feedstock material; (b) the housing.

3.3. Model 2: Stringer Deposition Sequence

A separate model has been made to study the material flow and normal pressure at the interface
between the die outlet and the substrate. In this model, both the substrate and the feedstock are
modelled using a rigid-plastic material representation. The components used in this model are shown
in Figure 7, and the simulation parameters are listed in Table 2. The material supply in this model is
simplified by the direct extrusion principle where a billet of feedstock is placed in a container and
a ram is used to generate the material flow. The substrate model resembles the shape of multiple
preceding layers and some stringers of the current layer. The substrate is fixed on a rigid bed, which
can move along the feed axis. For the two simulations carried out for model 2, the feed speed is kept
constant while the speed of the ram is altered.
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Table 1. Parameters used in finite element method (FEM)-model 1.

Parameter Parameter Value

General Pin diameter 28 mm
Feedstock wire diameter 1.6 mm
Heat transfer coefficient feedstock/tooling 11(N/s)/(mm/c)
Simulation type Lagrangian Deformation & Heat transfer
Mesh type Tetrahedral

House Initial temperature 300 ◦C
Material AISI-H13
Friction factor against feedstock, m 2
Initial mesh elements/nodes 48,031/10,844
Mesh refinement in plastic zone 0.07
Mesh refinement die 0.25

Wheel Initial temperature 300 ◦C
Material AISI-H13
Friction factor against feedstock, m 2
Initial mesh elements/nodes 29,690/6734
Mesh refinement in plastic zone 0.1
Rotational speed 4 RPM/50 RPM

Feedstock Initial temperature 300 ◦C
Material AA6082
Initial mesh elements/nodes 124,837/28,375
Mesh refinement in plastic zone 0.5
Friction factor against feedstock, m 2

Substrate Initial temperature 300 ◦C
Material AISI-H13
Friction factor against feedstock, m 0

Figure 7. FEM model 2. (a) the material deposition is controlled by the ram speed and the horizontal
movement of the substrate; (b) the initial mesh of the feedstock and the substrate with mesh refinement
at the joining interface.
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Table 2. Parameters used in FEM-model 2.

Parameter Parameter Value

General Simulation type Lagrangian Deformation
Mesh type Tetrahedral

Feedstock Material AA6082
Temperature 500 ◦C
Initial mesh elements/nodes 33,261/7379
Mesh refinement 0.2

Substrate Material AA6082
Temperature 500 ◦C
Initial mesh elements/nodes 79,710/17,714
Mesh refinement 0.35
Contact condition feedstock non-separable
Friction factor against feedstock, m 2

Die Friction factor against feedstock, m 2
Friction factor substrate, m 0
Inlet cross-section area 10.5 mm2

Outlet cross-section area 3.5 mm2

Ram Speed, Balanced/High 1.0/1.2 mm/s

Container Friction factor against feedstock, m 0

Bed Friction factor substrate, m 2
Feed delay 1 s
Speed in feed direction 3.0 mm/s

4. Results

4.1. Model 1

Simulations for model 1 have been carried out at two different rotational speeds of the extruder,
4 RPM and 50 RPM, where the former being the setting used for prior full-scale experiments [4].

Figure 8 shows the length of the extrusion grip zone for the initial condition (a) and for steady-state
for the two rotational speeds considered in the study (b and c). In the primary grip zone of CRE,
the wire should be firmly fixed in the groove in order to induce compressive stresses, leading to
upsetting of the material and thus establishment of the extrusion grip zone. Despite the difference
in rotational speed, the extrusion grip lengths are of the same magnitude for Figure 8b,c. Figure 9
shows the total velocity of the feedstock material and the wheel, confirming that the wire has the same
velocity as the wheel in the primary grip zone.

A contour plot of the strain-rates is shown in Figure 10 for both rotational speeds subjected to
analysis. At 50 RPM, the flow stress is expected to increase due to the increased strain-rates; however,
the temperature also increases, as depicted in Figure 11. It is observed that at 4 RPM the temperature peaks
at 330 ◦C, while at 50 RPM the temperature reaches 550 ◦C.

Figure 12 illustrates the contact pressure between the feedstock material and the walls of the
groove and the housing. For both rotational speeds, the contact pressure is at the same level, despite
the difference in flow rate.
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Figure 8. The feedstock material and the nodal contact points at steady-state for different rotational
speeds. (a) the initial extrusion grip length in the extruder; (b) extrusion grip length at 4 RPM;
(c) extrusion grip length at 50 RPM is similar to that of 4 RPM.

Figure 9. Section through the groove of the conform wheel displaying maximum element velocity
at 50 RPM. The feedstock wire has the same velocity as the wheel in the primary grip zone. In the
extrusion grip zone, the feedstock is stationary as it sticks to the wall of the housing, whereas at the
inner wall of the groove the material has the velocity of the wheel.

Figure 10. Strain rates in the extrusion grip zone. (a) rotational speed 4 RPM; (b) rotational speed
50 RPM.
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Figure 11. Temperature level in the extrusion grip zone. (a) rotational speed 4 RPM; (b) rotational
speed 50 RPM.

Figure 12. Normal pressure in the extrusion grip zone. (a) rotational speed 4 RPM; (b) rotational speed
50 RPM.

4.2. Model 2

The only parameter subjected to change in model 2 is the ratio between the ram speed and the
feed speed. At a balanced ratio, the volumetric flows at both the inlet and the outlet (the rear opening
between the substrate and the die) are equal, whereas at high speed the inlet flow is increased by
20% through increased ram speed. In the simulations, the ram is moved for one second to have the
extrudate fill the die cavity prior to moving the bed.

Figure 13 illustrates the effective stress for the balanced and high ratios of ram vs. feed speed,
respectively. For the balanced ratio, it can be seen that after 1.2 s the section of the die cavity is
completely filled (Figure 13a). However, as deposition proceeds, a pocket is formed in the front part of
the die (Figure 13b). For the high ratio (Figure 13c,d), the plastic region of the substrate is higher than
for the balanced ratio after 1.2 s, and the stress levels have further increased after 5 s.

For solid-state bonding to occur in the absence of surface oxides, the normal stress at the bonding
interface must exceed the instantaneous flow stress of the material. Referring to Figure 14, the strain rate
of the extrudate in contact with the substrate is in the range of 0 to 7 s−1. For the actual temperatures
and strain rates, the flow stress of the material is less than 50 MPa (Figure 3). When adding a margin
of 10%, the bonding threshold can be estimated to 55 MPa.

Figure 15 illustrates the normal stress in a section through the die, perpendicular to the deposition
direction. For the balanced speed ratio, the normal stresses exceed 55 MPa only in the centre part of
the die, whereas, for the high ratio, the full width of the stringer is subjected to contact stresses above
the estimated bonding threshold.



Metals 2019, 9, 811 10 of 13

Figure 13. Effective stress during deposition at 500 ◦C. (a) balanced ratio; after 1.2 s the die cavity is
filled and the feeding has started; (b) balanced ratio; after 5 s a pocket is formed in the front section of
the die; (c) high ratio; after 1.2 s, the die cavity is filled; (d) high ratio; after 5 s, the die cavity is still full
and the effective stress has increased.

Figure 14. Strain rate at the bonding interface. The strain rates are in the range of 0 to 7 s−1.

Figure 15. Normal pressure in a section through the die transverse to the feed direction. (a) balanced
speed ratio; (b) high speed ratio, 20% over-extrusion.
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5. Discussion

Through the simulations presented herein, new knowledge and understanding of the HYB-AM
process have been gained. These new insights will be valuable in the further development and
industrialization of the process.

For the pressure-generating mechanism, it is observed that the strain rates in the plastic zone
increase at high rotational speeds. However, the temperatures also increase as a result of (adiabatic)
heating due to deformation work. This temperature increase, in turn, reduces the flow stress of the
material, and, despite the higher strain-rate, the length of the extrusion grip zone remains virtually
unchanged. Furthermore, from the provided results, it is clear that there is no significant increase in
contact pressures at higher deposition rates. This means that future experiments can utilize higher
flow rates without putting excessive loads on the extruder.

Moreover, it is of interest to observe that the wheel diameter; i.e., the length of the Conform slot
can be considered sufficiently long for any extrusion speed. Still, the current extruder design has a
limitation in the maximum allowable flow rate due to high peak temperatures in the plastic zone.
The simulations show that the temperature increases from the initial pre-heating temperature of 300 ◦C
up to 550 ◦C in the plastic zone.

From model 1, it is seen how the extrusion grip zone is established. When using feedstock material
with a smaller cross-sectional area than that of the groove, the length of the extrusion grip zone will
vary depending on the extrusion pressure. A change in the conditions at the die outlet will call for
a change in pressure, and, thus, the extrusion grip length will have to adapt accordingly. Since the
feedstock material is supplied at a constant speed, the flow rate out of the die will be subjected to
reduced flow while the extrusion grip length is increased. This implies that the process is vulnerable
to fluctuations in the flow rate and pressures. However, by filling the entire cross-section in the grip
zone by means of a coining wheel, the process will respond better to changes in pressures. This can
also be beneficial in terms of reduced heat generation, as the slip in the extrusion grip zone will be
reduced similarly.

The aim of the simulations carried out in this study has been to analyse and interpret some of
the governing mechanisms of the process that are difficult to observe through physical experiments.
The relationships between FEA and full-scale experiments for the CRE process have previously been
validated through numerous studies by others. Hence, these results provide reliable input for the
further process development. For the bonding interface between the extrudate and the substrate, future
experiments need to be conducted to further validate the results. However, when briefly comparing to
the observations from the prior full-scale experiments, it was observed that the material deposition
sequence has been modelled adequately. Figure 16 represents a section of the sample depicted in
Figure 2b and is included for reference. This sample was deposited at a rotational speed of 4 RPM and
the same feed speed as that used in the simulations presented. For the first stringer, the volumetric
flow was set at a level corresponding to that of the high ratio, whereas a balanced ratio was used
for the subsequent stringers. Defects in the form of cracks and pores are visible on this sample and
indicate substandard bond quality. The FEA results clearly show the importance of using a correct
deposition rate vs. feed speed. If the extruder fails to deliver the correct volumetric flow, the contact
pressure at the interface will drop below the bonding threshold, resulting in substandard samples.
From the simulations, it is also visible that a ’gas-pocket’ is formed inside the die in this case. When
the scraped surface of the substrate is exposed to the conditions inside this pocket, a new oxide layer
can be formed, thus reducing the layer bonding quality.
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Figure 16. Section through the sample shown in Figure 2b with deposition order of the individual
stringers indicated. The structure is almost fully dense, yet some pores and areas with lack of bonding
are present.

6. Conclusions

Based on the FEA results obtained in this study, the following conclusion can be made for the
pressure-generating mechanism:

1. Increased angular velocity of the wheel both increases the strain rates and the heat generation
due to the higher deformation work.

2. The simulations show that the contact pressure inside the plastic zone is virtually similar at
4 RPM and 50 RPM. For the current design, the maximum deposition rate will be 1 kg/h when
the extruder, as well as the substrate material, is pre-heated to 300 ◦C.

3. The length of the extrusion grip zone is not affected by an increased deposition rate.

Furthermore, from interpretations of the FEA models for the bonding interface between the
substrate and the extrudate, the following conclusions can be drawn:

4. In order to obtain sufficient contact pressure for bonding to occur across the full stringer width,
the input flow rate needs to be higher than the actual flow out of the rear opening of the die.

5. When the feed speed becomes too high relative to the material flow through the die, a gas pocket
is formed in the outlet. This gas pocket can cause oxidation of the scraped surface with reduced
bonding quality as a consequence.
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