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Abstract
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Tendency of Micro-Extruded Pins by Using Finite Element Simulation
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Abstract: In order to add value to aluminum extrusion products manufactured by Thai companies, it is
necessary to develop high-quality products that meet the requirements of the emerging applications.
The micro-extrusion process is one of the promising technologies enabling Thai aluminum extrusion
companies to respond to such demand. Since micro-extrusion is considered a recent technology
dealing with miniaturized parts, there still lacks a fundamental understanding of deformation and
tribological behaviors, mainly when undesirable extruded shapes appear. This project investigated the
major factors influencing the curving tendency of micro pins formed by using micro-extrusion of
aluminum alloy 6063. The considered factors were: (1) tool geometry and alignment, (2) billet grain
size and orientation, and (3) tribology. The finite element simulations were carried out to investigate
these factors, and the simulation results were validated with those of the micro-extrusion experiments.
The driving mechanisms and effects of each considered factor to the curving tendency of micro-
extruded pins were explained. The relationships among these factors affecting the curving tendency
were developed. In addition, the influences of the considered factors to the energy consumption in the
micro-extrusion process were also examined. Based on the acquired knowledge and relationships, the
curving tendency of micro-extruded pins could be predicted. The analysis obtained from this study
would be valuable to the Thai aluminum extrusion industry in terms of design, selection, and
optimization of tools, materials, and process parameters in micro-extrusion. Most importantly, this
project's outcome will be a driving force for the Thai aluminum extrusion industry to be competitive in

the emerging markets.

Keywords : aluminum alloy; curvature; grain size; micro-extrusion; finite element analysis; tribology



Executive Summary
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1. Objectives
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2. Materials and Methods

2.1 Micro-Extrusion Process
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2.2 Materials
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2.3 Finite Element (FE) Simulation
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gﬂﬁ 3 Finite element simulation setup of the micro-extrusion process

2.4 Considered Factors
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Factors Values

Extrusion Ratio (ER) 2.43, 9.73, 100.00, 243.25

Die Angle (0l) 30°, 45°, 60°, 90°

Billet Length (BL) 3.00 mm, 4.00 mm, 5.00 mm, 5.50 mm, 5.75 mm, 6.00 mm
Bearing Length (LB) 0.50 mm, 1.00 mm, 2.50 mm, 3.00 mm

Die Shift (DS) 0.00 mm, 0.01 mm, 0.05 mm, 0.10 mm



2.2 PWIALNTHURZNITINAIVBILN T (Grain Size and Grain Orientation) AILAAILUANTIN 2
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Factors Values
Grain Sizes 47 Pm, 66 Jm, 97 km, 150 Pim, 200 Pm, 375 m, 500 Pm
Grain Orientations (E11) -90° to + 90°
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Factors Values
Friction Models Coulomb Friction Model, Shear Friction Model, Combined Friction Model
Lubrications Dry, PAO Lubricant (2.6 mm2/s Kinematic Viscosity), PAO Lubricant (428.6

mm?2/s Kinematic Viscosity)

Coatings Uncoated, CrN, TiN, DLC-PVD, DLC-CVD
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3. Results and Discussions

3.1 Effects of tool geometry and alignment
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3.2 Effects of grain size and grain orientation
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3.3 Effects of tribology
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Conclusions and Future Work
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Abstract: The precision and accuracy of the final geometry in micro-parts is crucial, particularly for
high-value-added metallic products. Micro-extrusion is one of the most promising processes for
delivering high-precision micro-parts. The curving tendency observed in micro-extrusion parts is
a major concern, significantly affecting the final part geometry. The purpose of this paper was to
investigate the driving mechanism behind the curvature in micro-extrusion at room temperature.
A finite element (FE) simulation was carried out to observe the influential primary factors: (1) grain
size, (2) grain boundary, (3) grain orientation, and (4) bearing length of a 6063 aluminum alloy.
The Extrusion Curvature Index (ECI) was also established to indicate the level of curvature in
micro-extruded parts. The results showed that the grain boundary at the high strain and die opening
area was the dominant factor for single-grain conditions. The interactive effects of the grain boundary
and grain orientation also affected the curvature under single-grain conditions. If the number of
grains across the specimen increased up to 2.7 (poly-grains), the curvature effect was dramatically
reduced (the pins were straightened). For all conditions, the curvature in micro-extrusion could be
eliminated by extending the bearing length up to the exit diameter length.

Keywords: aluminum alloy; curvature; grain size; micro-extrusion; finite element analysis

1. Introduction

The global demand for end-uses of aluminum products has been rising [1]. One of the potential
areas where one can add value for aluminum is in micro-products development [2]. An example of a
micro aluminum product is a micro-gear [3]. Not only are aluminum micro-parts suitable for lightweight
miniaturized applications in the automotive and electronic industries, but they can also be produced
for biomedical applications (rod, wire, ribbon, screw, and tube drawing shapes) [4]. Many of the
processing techniques can be applied to produce aluminum micro-parts [5]. Machine developments and
manufacturing systems were also developed in this area [6]. Recent trends in micro-forming processes
that are particularly suitable for lightweight materials (aluminum, titanium, and magnesium alloys)
have been reviewed [7]. Most of the macro-forming processes could be downsized to micro-forming

Appl. Sci. 2020, 10, 4767; d0i:10.3390/app10144767 www.mdpi.com/journal/applsci
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processes, with some challenges due to the reduced scale [8]. The concept of traditional extrusion to
produce sub-millimeter parts by using the micro-extrusion process was developed [9]. An example of
aluminum micro-extruded components was also investigated [10].

In macro-extrusion, one of the relevantissues related to the grain size is surface grain coarsening [11].
The effects of the grain size can also be commonly observed and becomes quite problematic in
micro-extrusion. The main challenge in micro-forming processes is the size effects that show a reduced
geometrical accuracy, flow stress, and an increase in the scattering of the flow stress and part geometry
when the grain size is comparable to the specimen size [12]. An inverse relationship between the yield
stress of aluminum and its grain size has been observed [13]. This relationship follows the Hall-Petch
effect [14]. A scaling model taking into account the specimen/feature size in micro-forming was
proposed [15]. The influence of single-grain orientations affected deformation [16]. The micro-extruded
pins were curved when the grain size was enlarged so as to be close to the specimen size [17].

Tribology plays an essential role in size effects in micro-forming processes [18]. The tribological
characteristics in this scale could be described by using the open and closed lubricant pockets model.
The friction condition depended on the specimen size in the micro-extrusion process [19]. The tool-billet
interface of the micro-extrusion process under both static and dynamic conditions was observed [20].
The tribological phenomena in various micro-forming processes were significantly influenced by the
size effects [21]. The interfacial friction and grain size effects were dependent [22]. The conventional
material model could not be applied in micro-extrusion. The experimental and numerical studies
showed that the interactions of the friction interfaces, material properties, and size effects contributed
to the forming loads and parts geometry [23]. An approach to determine the stress—strain curve in
micro-extrusion by taking into account the friction factor was proposed [24]. A forming load prediction
taking into account the surface area was also developed [25]. The microstructural evolution in the
open-die forging/extrusion process was investigated, and the results showed that the grain size and
specimen size influenced the microstructures [26]. An upper bound approach to predict the forming
behavior in the open-die forging/extrusion process was also proposed [27]. The role of subgrains larger
than the specimen diameter contributed to a reduced flow stress in the micro-compression tests [28].
In the micro-extrusion of both copper and aluminum alloys, the flow stress decreased along with the
surface grain [29]. If the cavity width in micro-coining consisted of only one grain, the grain would be
fragmented into smaller sizes along the extrusion direction [30].

The area of interest in this research was the effects of the grain size on the curving behavior of
micro-extruded pins. Generally, extrusion profiles are curved due to the unbalanced flows/velocities in
macro-extrusion [31]. The modeling of the curved aluminum profiles has also been proposed [32]. A
finite element analysis of the die design and optimization for a balanced flow in extrusion has also been
used [33]. However, this was not the case in micro-extrusion. Here, the curving behavior was found
when the grain size approached the billet size. Crystal plasticity finite element (CPFE) simulations
were conducted to demonstrate that the grain orientations played an important role [34]. Although
both grain sizes and grain orientations were found to affect the deformation behaviors, it was still
unclear what the mechanism was that drove the micro-extrusion part to curve and how the curving
direction was dictated. This study explored the interactive influences of the grain size, grain boundary,
grain orientation, and bearing length on the micro-extrusion of aluminum alloy. A finite element
simulation was utilized to carry out the interactive effects of these factors. Understanding the curving
mechanism in the micro-extrusion was essential to the final geometry control and necessary for
producing high-precision micro-parts.
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2. Materials and Methods

2.1. Micro-Extrusion Experiment and Simulation

The principle of the micro-extrusion process was similar to that of the traditional extrusion process
but was carried out at room temperature, while also reducing the millimeter-sized billets to a few
millimeter-sized or micro-sized parts. A horizontal type high-speed micro-extrusion machine (Figure 1)
was used in this study to push the prepared 6.00-mm billets having a 1.70-mm diameter down to
an extruded pin having a 1.14-mm diameter at room temperature. The punch and die material was
SKD11. Aluminum alloy 6063 was selected as a billet material because it is a commonly used material
in aluminum extrusion. The billet specimen was prepared by hot extrusion and machining, and the
grain size of the non-annealed billets was 66 um, with a hardness value of 30.7 HV. The material flow
curve of the billet specimen obtained by the compression test is shown in Figure 2 (o is stress, v is
Poisson’s ratio, E is Young’s moduli, G is shear moduli, and ¢ is strain).

Micro-Extrusion Machine Micro-Extrusion Assembly
(3D Model)

Wl
t'm -

>
Extrusion Direction

Billet

(6.0 mm x 1.7 mm) Billet

Position

i
Lt

Extrusion Direction

Extruded Part

Extrusion Die

Figure 1. The micro-extrusion machine with the assembly model, and the micro-extrusion setup.

ELASTIC-PLASTIC ORTHOTROPIC

260.00
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S
= 65.00 v,,=0.25
Vv,, =0.10
v, =0.25
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Figure 2. The stress strain curve of the aluminum alloy 6063 having a 66-um grain size.
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A finite element (FE) model was developed to determine how the size effects (grain boundary
and grain orientation) affected the curving behavior of the micro-extruded parts by using MSC.Marc
2019 (Lagrangian). The model was a 2D axisymmetric, four-node fully integrated element, with no
heat transfer, as seen in Figure 3. A total number of 4978 nodes and 4810 elements were generated.
The tools (punch and die) were set to be rigid bodies. The billet was set to be a deformable body having
the power-law material model, as shown in Equation (1):

o =kée", )

where o is the flow stress, k is the material constant, ¢ is the true strain, and # is the strain-hardening
exponent. Since the maximum strain rate used in this work was 100 s~! at room temperature, the effects
of the strain rate on the flow stress were considered minimal, as presented in the work of Ye et al. [35].
Thus, the strain-rate sensitivity was not included in Equation (1). The flow stress-true strain curves
were calculated from the cold compression tests. The material constants for aluminum alloy 6063
having a 66-um grain size were: k = 168.40 MPa and n = 0.30. The lubricant (2.606 mm?/s kinematic
viscosity) was applied at the billet-tool interfaces. The FE simulation was estimated by comparing it
with the three micro-extrusion experiments, as described in Table 1.

‘ion Durectn
trus

EX

Container
Diamter
(Dy) =1.70 mm

6.00 mm

Bearing
Length
(B) = 0.42 mm

4978 Nodes
4810 Elements

Figure 3. The finite element simulation setup of the micro-extrusion process.

Table 1. Experimental validation conditions for the finite element (FE) model.

Condition Lubrication Tool Coating Coeﬂjla.ent of Extrusion
Friction Speed
; 2
Test A PAO.Lubrlc'ant .(2'6 o /s Uncoated 0.45 0.10 mm/s
Kinematic Viscosity)
: 2
Test B PAQ Lubricant (4286 mm%/s - (ateq 0.25 0.10 mmys
Kinematic Viscosity)
Test C Dry (No Lubricant) DLC (PVD) 0.11 100 mm/s

In the validation conditions, the 66-um grain size billet was extruded from a diameter of 1.70 mm
to 1.14 mm with the 2.00-mm punch stroke. The ASTM E112 standard was used to measure the
average grain size of the billet material. The main differences among these conditions were the
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friction conditions of the tool-billet interfaces and the extrusion speeds. The combined friction models
(Coulomb and shear friction models) were used at the tool-billet interfaces, as shown in Equation (2):

f = usN (if usN <7),f =7 (if usN > 1), 2

where f is friction force, ys is the static friction coefficient, N is the normal load, and 7 is the shear
friction force. Note that the values of the coefficient of frictions were obtained by trials and errors in the
FE simulations. The results comparison between the FE simulations and experiments is illustrated in
Figure 4. The considered tests (A, B, and C) had different friction pairs (different COF values). The FE
results matched well with those of the experiments, implying that the material model Equation (1) and
friction model Equation (2) were suitable for the micro-extrusion process.

2.00
=
< 1.50
(O]
(&]
| .
O ............
L 1.00 Ll
C oo°
i)
[72]
= -0~ TestA-FEA
‘; 0.50 . """ Test A - Experiment
e | —O- Test B - FEA
iﬂl """ Test B - Experiment
A 1 L =0~ Test C - FEA
) = L Test C - Experiment
0.00 € Experiment FEA

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00
Ram Stroke (mm)

Figure 4. The results comparison between the experimental and FE micro-extrusion tests by using the
66-pum grain-size billets under different friction conditions.

2.2. Considered Grain Sizes, Grain Boundaries, and Grain Orientations

The initial billet textures resulted from the specimen preparation processes (hot extrusion at 460 °C,
followed by annealing) for achieving the desired grain sizes (47 um, 66 pm, and 97 um), and their grain
size distributions are illustrated in Figure 5. Three additional grain sizes were investigated, in order to
look at the influences of poly-grain to single-grain conditions, as seen in Figure 6. The grain shapes
used here were selected on purpose and were based on the study of Roters et al. [36]. Grain shapes
with a face-centered cubic (FCC) crystal structure, clearly showing individual grains, were selected for
this study. The grain sizes and shapes (boundaries) were modeled in the FE simulation based on the
assumption that there were no annealing twins. The Average Grain Size (G4) was the average maximum
width of each grain across the billet specimen. The Grain Size Ratio (Gg) was the Average Grain Size
(Ga) over the billet diameter (1.70 mm). Since the material data of these set grains were not available,
the prediction of the material flow curves was carried out based on the existing stress-strain curves
(47 pm, 66 um, and 97 pm) from the compression tests. The estimated material flow curves of these
enlarged grains are shown in Figure 7, and their power-law model constants are described in Table 2.
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Figure 5. The grain size distributions of the 47-um, 66-um, and 97-pum grains.
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Figure 6. The considered grain sizes and shapes (boundaries) in this study.

Table 2. The material constants in the power-law model of the enlarged grains [37].

Average Grain Size =~ Material Constant (k)  Strain Hardening Exponent (n)  Source of Data [37]
47 pm 265.30 MPa 0.27 Compression Test
66 um 168.40 MPa 0.30 Compression Test *
97 um 163.10 MPa 0.25 Compression Test
150 um 113.00 MPa 0.23 Prediction
200 pm 94.12 MPa 0.23 Prediction
375 um 63.13 MPa 0.21 Prediction
500 um 52.58 MPa 0.20 Prediction

* The k and 1 values here were used in Equation (1) to obtain the material flow curve of the 66-um grain size.
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Plastic Strain

Figure 7. The estimated stress-strain curves of the considered grain sizes.

The grain sizes in the simulation did not reflect typical microstructures. However, the large grain
sizes and grain boundaries in this study were specifically chosen to determine their influences on the
curvature and if they could be potentially produced by using the grain selector method in our parallel
study (single-crystal parts manufacturing). A few examples of the grain selection method can be found
in the cited papers [38—41]. Since the stress-strain curves strongly depend on the loading axis, single
crystals with different orientations would yield different stress-strain curves. In this study, instead of
changing the loading axis to obtain different grain orientations, the stress-strain curves were oriented
in set degrees away from the loading axis. In Figure 8, the loading axis (extrusion direction) was the
x-axis. Since the material model was elastic-plastic orthotropic, the orientation of the stress-strain
curves could be varied by changing the orthotropic elastic principal direction (E11). If E11 of any
particular grain rotated (or changed orientation), its stress-strain curve changed. The grain orientation
was described by the plane angle subtended by an arc along the x-axis (radians). For instance, if E11
equals 0 radians, the grain orientation is aligned with the x-axis (extrusion direction). If E11 equals
0.79 radians, the grain orientation is rotated 45° counterclockwise from the x-axis.

E11 Radian Color Map

E11 to X-Axis (Radian)

x 45 -1.57 > +1.57
-1.57
1,57 ¢————p+1.57 EN
0.00 (-45°)
...... . X
% X

Figure 8. The random grain orientations via rotating the orthotropic elastic principal direction (E11)
along the x-axis.
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2.2.1. Grain Orientations

Two cases that had rectangular grain sizes and shapes were established in order to only investigate
the grain orientation effects, as illustrated in Figure 9. In the first case (EX1), all of the grains were
oriented along the x-axis (0.00 radians). For the second case (EX2), the grain sizes and boundaries were
the same as those of EX1, but the only difference was the orientation of the bottom grain (E11 rotated
75° counterclockwise from the x-axis).

EX1 EX2

E11 to X-Axis (Radian)

-1.57 €¢———p+1.57
0.00 0.00

0.00( °~

-1.57 = » +1.57

000 °

Figure 9. The two cases having the same grain sizes and shapes except for their grain orientations.
2.2.2. Grain Boundaries and Grain Orientations

In reality, those rectangular grain boundaries did not exist, so the referenced literature grain
boundaries (Figure 8) were investigated throughout this study. However, the systematic way of
evaluating the interactive effects of grain boundaries and grain orientations was developed as follows.

In Figure 10, all four cases (LG1 to LG4) had the same grain sizes and grain boundaries, but the
only difference was the grain orientations of the bottom grains. The grain orientation was rotated 0°
(LG1), 45° (LG2), 90° (LG3), and —45° (LG4) along the x-axis. In Figure 11, the influences of the top and
bottom grain orientations were studied (LG5), where the grains were oriented —14.3° along the x-axis.
The influences of the top, middle, and bottom grain orientations were observed in LG6. The grain
orientation effects of only the middle grain (LG7) were examined. In LG8, only the middle three grains
were rotated by —14.3° along the x-axis. In Figure 12, the bottom grains were turned by —14.3° along
the x-axis for all four cases. The main difference was the grain orientations of the middle grain (LG10),
the middle three grains (LG11), and the top and middle three grains (LG12).

2.2.3. Grain Sizes and Grain Boundaries

The variations of the average grain sizes (G4) were established in Figure 13 to observe the coupling
effects of the grain sizes and grain boundaries. Note that all four cases had the same grain orientation
(0° with respect to the x-axis). Figure 14 displays the mesh elements of the enlarged grains in the finite
element simulation.
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LG1 LG2 LG3 LG4

Top

Middle

Bottom

Figure 10. The grain orientations of the four considered cases (LG1 to LG4).

Middle
Bottom

Figure 11. The grain orientations of the four considered cases (LG5 to LG8).

LG10 LG11 LG12

Middle
Bottom

Figure 12. The grain orientations of the four considered cases (LG9 to LG12).
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G,=46 ym G,=283 ym G,=425pum G,=850 pm

Top
Middle
Bottom

G,=0.04 G,=0.25 G,=0.37 G,=0.75

Figure 13. The grain boundaries of the four considered cases (small to large grain sizes) having the
same grain orientation.

G,=0.04

G,=0.37

4978 Nodes 8784 Nodes 3904 Nodes 976 Nodes
4810 Elements 6822 Elements 3032 Elements 758 Elements

Figure 14. The meshing elements and nodes of the studied grain sizes.

2.2.4. Bearing Lengths

The effects of the bearing length (Br) were also explored in order to determine how the tool
geometry affects the curvature of the micro-extruded pins. Three bearing lengths varied as follows:
0.42 mm (1X), 0.84 mm (2X), and 1.26 mm (3X).

2.2.5. Extrusion Curvature Index

The Extrusion Curvature Index (ECI) was established in order to determine the amount of
curvature of the micro-extruded pins, as illustrated in Figure 15. After each extrusion, the curvature
point that could fit its inner radius and outer radius to the curvature of the micro-extruded pin was
located. The radii were then normalized by the exit diameter (DE), and its inverse value in percentage
was the Extrusion Curvature Index (ECI). High values of ECI implied a high degree of curvature.
Low ECI values indicated that the micro-extruded pin was rather straight.
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S | .-~ ?
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Figure 15. The schematic and calculation of the Extrusion Curvature Index (ECI).

3. Results and Discussion

3.1. Effects of Grain Orientations

Figure 16 shows a comparison of the micro-extrusion results between the two cases (EX1 and EX2)
having the same grain sizes and grain boundaries, but having different grain orientations of the bottom
grains. If all grains were oriented in the same direction (EX1), and the grain sizes and grain boundaries
were symmetric along the extrusion direction, there should be no curvature at all. The results of EX1
demonstrated that the FE simulation was valid. The results of EX2 clearly showed that the bottom
grain orientation that was rotated 75° with respect to the x-axis caused the micro-extrusion pin to
bend (ECI = 4.45%). With no effects of grain sizes and grain boundaries under single-grain conditions,
the change in grain orientation could cause the micro-extrusion pin to curve. Regarding the stress
distributions, high stresses occurred at high deformation zones (reduction of billet diameter to the outlet
diameter). These areas caused the grains to fragment, leading to smaller grain sizes and higher stress
values. The simulation results provided effective stress (0,) values based on the following equation:

0y = \/%[(01 ~02)* + (02— 03)* + (01 - 03)?] ®)

where 01, 02, and o3 are the principal stresses.
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EX1 - Extrusion EX2 - Extrusion

Effective Stress (MPa)

1.40 x 102
1.26 x 102
1.12x 102

9.80 x 10!
8.40 x 10'
7.00 x 10°
5.60 x 10°
4.20 x 10°
2.80x 10'
1.40 x 10°
0.00 x 10°

ECI= 0.00% ECI= 4.45%
Figure 16. The micro-extrusion results comparison between the EX1 and EX2 conditions.

3.2. Effects of Grain Boundaries and Grain Orientations

Figures 17-19 show the FE results of the considered conditions in order to observe the influences
of the grain boundaries and grain orientations when the Grain Size Ratio (Gg) was 0.75.

LG1 LG2 LG3 LG4

Effective Stress (MPa)

1.40 x 102
1.26 x 102
1.12x 102
9.80 x 10
8.40x 10
7.00 x 10
5.60x 10
4.20 x 10
2.80x 10
1.40 x 10"
0.00 x 10°

ECI=6.78% ECI=6.90% ECI=717% ECI=3.09%

Figure 17. The micro-extrusion results of the considered conditions (LG1-LG4).

In other words, the average number of grains across the specimen was 1.3 (single-grain) under
all the conditions. In LG1, all of the grain orientations were along the x-axis, which showed that
the micro-extrusion pin was curved. This result indicated that, when there was no influence from
the grain orientation, the grain boundaries alone could significantly affect the curvature. It could be
observed that the grain boundaries were not symmetric along the x-axis, causing the specimen to flow
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nonuniformly into the extrusion die. This behavior implied that the asymmetric grain boundaries
were the primary driving mechanism of the bending. In LG2, the effect of the grain orientation (+45°
from the x-axis) of the bottom grain was coupled with the influence of the asymmetric boundaries.
The ECI values of both LG1 and LG2 were similar (same curvature); thus, the effect of grain orientation
was not observed here. However, when the bottom grain orientation was rotated +90° from the x-axis
(LGS3), the ECI values slightly increased from 6.90% to 7.17%. As a result, the grain orientation must
be dramatically changed in order to see the curvature effect. When the bottom grain orientation was
rotated—45° from the x-axis (or —90° opposite to LG2), the ECI values were reduced from 6.90% to
3.09%, which helped to straighten the micro-extrusion pin. This result also confirmed that the grain
orientation must be significantly changed in order to see the curvature effect. In the direction of the
curvature, the curvature increased with an increase in the amount of grain orientation mismatch.
However, if the orientation mismatch was in the opposite direction to the curvature, the curvature
decreased according to the amount of grain orientation mismatch.

LG5 LG6 LG7 LG8

Effective Stress (MPa)

1.40 x 102
1.26 x 10?
1.12x 102
9.80 x 10'
8.40x 10"
7.00 x 10"
5.60 x 10°
4.20x 10"

2.80x 10
1.40x 10
0.00 x 10°

ECI=3.24% ECI=3.33% ECI=6.84% ECI=6.56%
Figure 18. The micro-extrusion results of the considered conditions (LG5-LGS).

LG9 LG10 LG11 LG12

Effective Stress (MPa)

1.40 x 102
1.26 x 102
1.12x 102

9.80 x 10
8.40x 10
7.00 x 10"
5.60 x 10
4.20 x 10"

2.80x 10
1.40x 10
0.00 x 10°

ECI=3.67% ECI =3.50% ECI =3.67% ECI=3.56%

Figure 19. The micro-extrusion results of the considered conditions (LG9-LG12).

Figure 18 shows the conditions (LG5 to LG8) that take into account the effects of the grain
orientations from the middle and top grains. Considering LG5 and LGS, it could be noted that both the
middle and top grain orientations did not affect the curvature. Similarly, the middle grain orientations
(LG7 and LGS8) did not affect the curvature when compared with LG1. As a result, the bottom
grain orientations significantly affect the curvature. Since the bottom grain was located at the high
deformation (reduced diameter) and opening area, this implied that only the grain orientations at the
high strain and opening area influenced the curvature. This phenomenon could also be observed in
Figure 19, where the middle and top grain orientations did not show any effects on the curvature.
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Based on the results from Figures 16-19, it could be stated that the grain boundary of the high
strain and die opening area was the dominating factor for single-grain billet conditions. Since the
actual metallic grain shapes were not symmetric and the grain orientations were random, the grain
boundary dominated. The combination of the grain shapes (grain boundaries), grain sizes, and grain
orientations dictate the direction of the curvature. In the EX2 case, there was only one single grain at
the bottom of the billet. As a result, the change of grain orientation (+75° to the extrusion direction)
of the bottom grain caused the extruded pin to curve to the right. In the other single-grain cases,
the curvature was mainly influenced by the initial bottom grain boundaries. As seen in the LG1 case,
the extruded pin was already curved to the left, even when all the bottom grain orientations were 0° to
the extrusion direction. When the grain orientations of the large bottom grains were changed in the
single-grain cases, the curvature directions were still towards the left, but the amount of curvature
(ECI values) changed according to the set grain orientations. The results clearly showed that the initial
grain boundaries of the bottom grains significantly affected the curvature directions.

3.3. Effects of Grain Sizes and Grain Boundaries

Figure 20 shows the influences of the grain sizes and grain boundaries on the micro-extrusion,
when the grain orientations did not influence any of the conditions. If the Grain Size Ratio (Ggr) was
reduced from 0.75 to 0.37 or below, the ECI values decreased dramatically. In other words, if the
specimen grains moved from 1.3 to 2.7 grains or more, the micro-extrusion pin was straightened.
The impact of the grain boundaries could be clearly noticed under the single-grain condition (Gg = 0.75).
The influence of the grain boundaries was dramatically reduced when the number of grains increased
(Gr = 0.37 and below). Even though the grain orientations were not considered here, it could be stated
that the effects were negligible when the number of grains was increased from 1.3 to 2.7 or more,
according to the previous results. The grain boundaries that were symmetrical along the extrusion axis
were Gg = 0.04 and Gr = 0.37. Both Gg = 0.25 and Gg = 0.75 had asymmetric grain boundaries along
the centerline. According to Figure 20, it could be observed that the increased number of grain sizes
straightened the extruded pins. The results implied that the asymmetry of grain boundaries did not
have an effect on the curvature in the multi-grain cases.

G,=0.04 G,=0.25 G,=0.37 G,=0.75

Effective Stress (MPa)

1.40 x 102
1.26 x 102
1.12x10?
9.80 x 10'
8.40x 10"

7.00 x 10'
5.60 x 10'
4.20x 10

2.80x 10"
1.40 x 10
0.00 x 10°

ECI=0.00% ECI=0.00% ECI=0.00% ECI=6.78%

Figure 20. The results comparison among different grain sizes.

3.4. Effects of Bearing Lengths

Figure 21 shows the effects of the bearing lengths (B;) on the curvature of single-grain conditions
(Gr = 0.75). The ECI values decreased when the bearing lengths increased. In other words, if the
bearing length was extended further, it could help strengthen the micro-extruded pins. If the By value
was increased up to 1.26 mm, which was slightly larger than the exit diameter (1.14 mm), it could
almost eliminate the curvature in the micro-extrusion. As a result, the extension of the bearing lengths
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(Br) from the high strain and opening area could help reduce the curvature effects influenced by the
grain sizes, grain boundaries, and grain orientations.

B,=0.42 mm B,=0.84 mm B,=1.26 mm

ECI=717% ECI= 0.65% ECI=0.21%

Figure 21. The results comparison among different bearing lengths.

Based on the results, the following observations and analysis could be made:

- For single-grain conditions (Gg = 0.75), if the grain sizes and grain boundaries were symmetric
along the extrusion direction, the grain orientation was the dominating factor for the curvature.
If the grain sizes and grain boundaries were not symmetric along the extrusion direction, the grain
boundary at the high strain and die opening area was the dominating factor for the curvature.
The interactive influences of the grain boundary and grain orientation also affected the curvature.

- For poly-grain conditions (Ggr < 0.75), if the number of grains across the specimen increased up to
2.7, the curvature effects were dramatically reduced. The influences of the grain boundaries and
grain orientations were not significant.

- For all conditions, if the bearing lengths (B;) were extended beyond the exit diameter (Dg),
the micro-extrusion pins were straightened.

Although this work was carried out by using the numerical simulation method, the findings
of this research work fundamentally helped explain how the micro-extrusion parts were curved.
Future work within this research would apply the FE techniques to the designed grain sizes and
orientations under controlled micro-extrusion process parameters. Higher-grade aluminum alloys and
multi-material extrusion would also be considered by using this same technique. The results of all
the studies could be integrated in order to design and develop single-crystal parts by using the grain
selector. The insights gained from this series of ongoing studies could be applied to the control and
optimization of lightweight multi-material micro-parts.

4. Conclusions

This research work investigated the driving mechanism behind the curvature in the micro-extrusion
of a 6063 aluminum alloy at room temperature. An FE simulation was used to observe the influences
of the grain sizes, grain boundaries, grain orientations, and bearing lengths. The FE simulations were
validated with experiments using a 66-um grain-size billet, and the results agreed well. The billet grain



Appl. Sci. 2020, 10, 4767 16 0f 18

sizes were enlarged, ranging from poly-grain to single-grain conditions, and their material properties
were extrapolated. The grain shapes (boundaries) were established, and the grain orientations were
varied to determine the interactive effects on the curvature (Extrusion Curvature Index or ECI) of
micro-extruded pins. The key finding was that the grain boundary was the dominating factor driving
the mechanism of curvature in micro-extrusion under single-grain conditions.
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Abstract: The tool wear rate and energy consumption were typically unknown in micro-extrusion,
which made it difficult to optimize the tool design for both the final part quality and production cost.
This study investigated the effects of tool coatings on energy consumption in the micro-extrusion
of aluminum alloy 6063. Three main factors were considered in this study: (1) tool coating types,
(2) bearing length, and (3) extrusion ratio. The micro-extrusion finite element simulation model was
developed and validated with the micro-extrusion experiment. The results showed that increasing
bearing lengths led to the increase in tool wear rate and energy consumption for all the coating types.
The decreasing coefficient of friction values of the tool-billet interface led to a decrease in energy
consumption. High hardness values of the tool surface and low bearing lengths helped increase tool
life. Low values of coefficient of friction and bearing lengths helped decrease energy consumption.

Keywords: coating; energy consumption; finite element analysis; micro-extrusion

1. Introduction

Global demands in aluminum consumption have been rising, particularly in the areas that need
lightweight [1]. New products, solutions, and processes must be developed in order to meet such high
demands. Aluminum extrusion is one of the vital metal forming processes that provide net-shape
and mass-production benefits [2]. The recent trend in miniaturization has shown that metallic micro
parts (mechanical micro connector pins, miniature contact springs, and electronic parts with micro
features) are growing in automobiles and electronics [3]. Micro-biomedical parts ranging from rod,
wire, ribbon, and tube drawing, to sheet and foil manufacture, and highly precise screw machining are
also commercially available [4]. One of the possible technologies to produce these metallic parts is
micro forming [5]. The micro-extrusion process can be utilized to produce high precision miniaturized
parts to add higher value to aluminum extrusion products [5-7]. Besides, increased strengths of
micro-parts can also be achieved by using micro-extrusion [8-14].

Tribology heavily plays an essential role in micro-extrusion due to the increase in surface areas in
comparison to the part dimensions [15,16]. Typical friction tests used in macro-extrusion might no
longer be practical in the micro-scale [17,18]. To successfully characterize tribological behaviors in
micro-extrusion, friction tests that can simulate the real forming conditions should be considered [19-21].
Fundamentally, an oxide layer formed on steel surface caused high friction, and the coefficient of
friction was sensitive to the surface roughness during forming without lubrication [22]. Tool wear is
apparent in extrusion due to the plastic deformation due to sliding [23,24]. Thus, different types of

Coatings 2020, 10, 381; doi:10.3390/coatings10040381 www.mdpi.com/journal/coatings


http://www.mdpi.com/journal/coatings
http://www.mdpi.com
https://orcid.org/0000-0002-3703-1180
http://dx.doi.org/10.3390/coatings10040381
http://www.mdpi.com/journal/coatings
https://www.mdpi.com/2079-6412/10/4/381?type=check_update&version=2

Coatings 2020, 10, 381 20f 10

tool coatings have been used to solve the wear problem [25,26]. For instance, in aluminum extrusion,
AICrN could be coated on the extrusion die (H13 material) [27]. Titanium coatings could also be
applied to the steel surfaces [28].

Recently, Diamond-Like Carbon (DLC) has been applied in metal forming to reduce severe tool
wear [29-32]. There have also been environmentally friendly multi-functional additives that can
be applied to steel coating under severe mechanical, thermal, and chemical conditions [33]. Our
previous work on applying different coatings to the micro forward-backward extrusion tools showed
that DLC provided excellent tribological characteristics [34]. Based on our previous work on the
Forward-Backward, Vertical, Slow-Speed Micro-Extrusion, we investigated the effects of tool geometry
(die angle) and coating types (CrN, TiN, and DLC-PVD). However, there were the following factors
that must be investigated further: (1) DLC-CVD, (2) high-speed extrusion, and (3) bearing length.
In addition, the aspects of tool wear and energy consumption must be considered to optimize the
production cost. Energy consumption is one of the crucial factors in micro-extrusion since it is directly
related to cost and environmental impact [35]. Although extrusion of micro-scale products seems to
consume minimal energy, producing these tiny parts in mass-production could be a great concern.
Since experimental investigation on effects of tribology in micro-extrusion is difficult to setup and
critical parameters are not easily measured, finite element simulation has been commonly used to
analyze the forming and tribological behaviors in micro-extrusion [36].

The objective of this paper was to investigate the effects of tool coatings used in micro-extrusion
to energy consumption. Various tool coatings were considered in this study. Finite element simulation
was carried out to predict the energy consumption. The novelty of this was the investigation of wear
rate and energy consumption of the considered tool coatings in an extrusion cycle. The obtained
results and the information regarding the actual coatings development costs would provide the
micro-manufacturing community the tool design guidelines in micro-extrusion.

2. Materials and Methods

2.1. Micro-Extrusion Experiment

The micro-extrusion machine used in this study is shown in Figure 1, which consists of actuator
and extrusion assembly. The punch and dies are located in the extrusion assembly, as shown. The
actuator could provide up to 19 kN force, 230 mm/s speed, and 30 mm stroke length. During the
extrusion operation, a prepared billet was placed in the cavity of the dies. The punch was then moved
to push the billet into the die cavity, extruding the billet into a smaller part. The experiments were
carried out at room temperature with a ram speed of 100 mm/s and a forming stroke of 3.0 mm.

Micro-Extrusion Machine Micro-Extrusion Assembly
(3D Model)

Bearing Length

Enlarged
Die
Area

Container: Diamefer Exit Dia;meter
(Do) (28]

Figure 1. Micro-extrusion machine and components.
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2.2. Materials

The billet material under investigation was 6063 aluminum alloy. The specimen billets were
fabricated to have 1.7 mm in diameter and 6 mm in length by hot extrusion and machining. The
non-annealed billets had a microstructure having approximately 64 pm grain size and a hardness value
of 31 HV. The grain size of the billet material was measured by using the standard ASTM E112 [37].
The purpose of measuring the grain size was to quantitatively measure the average number of grains
across the billet diameter. Since the investigated grain size was 64 um, the average number of grains
was approximately 27, which should provide homogeneous material property. As a result, the selected
material model for the finite element was the power-law. The material model of the billet material was
obtained, as shown in Equation (1).

o = (168.4 MPa) - %3 (1)

where o is the flow stress, and ¢ is the true strain. The punch and die materials were SKD11. The
lubricant having 2.606 mm?/s kinematic viscosity was applied between the die cavity and prepared
billet before extrusion.

2.3. Considered Factors

The main factors investigated in this study were: (1) tool coating types, (2) bearing length (By),
and (3) extrusion ratio (ER), as illustrated in Figure 2 and Tables 1-3.

Bearing Length
(8)

6.00 mm

Ed ——
Billet " Extrusion Direction

Exit Diameter
(Do)

Figure 2. Schematic of micro-extrusion die and considered factors.

Table 1. Considered tool coatings in this study.

Parameters CrN TiN DLC-CVD DLC-PVD
Coating Hardness (HV) 1700 2100 4000 7000
Coating Thickness (um) 2.0 1.0 1.0 0.7

Coefficient of Friction (COF) 0.45 0.55 0.11 0.11

Table 2. Considered bearing length (B ) values in this study.

Level 1 Level 2 Level 3 Level 4
(Initial) (Low) (Medium) (High)

Bearing Length (Br) 0.50 mm 1.00 mm 2.50 mm 3.00 mm

Parameters
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Table 3. Considered extrusion ratio (ER) values in this study.

Parameters Level 1 Level 2
(Low) (High)
Exit Diameter (D) 1.09 mm 0.55 mm
Extrusion Ratio (ER) 243 9.55

The tool coatings were developed and manufactured by Onward Giken Co. (Ishikawa, Japan).
Chromium Nitride (CrN), Titanium Nitride (TiN), Diamond-Like Carbon (DLC) were commonly
applied to tool coatings in severe forming applications. Note that DLC-CVD was the DLC coating
produced by using Chemical Vapor Deposition (CVD). DLC-PVD was the DLC coating produced
by using Physical Vapor Deposition (PVD). The coating properties were specific for this study only.
The coating hardness values were measured by Vickers Hardness Testing. The coating thickness
measurement was carried out by using the microscope. Note that the difference in coating thickness
values was due to the available coating options provided by Onward Giken Corporation, Japan. The
coefficient of friction values was obtained from the ball-on-disc test.

The extrusion ratio (ER) could be calculated from Equation (2).

ER = (m/4) - (D%/Dg?) 2)

where D¢ is the container diameter, and D is the exit diameter. Note that the container diameter (D)
used in this study was constant (1.70 mm), and the exit diameters (Dg) were varied to obtain different
ER values.

2.4. Finite Element Simulation

The Lagrangian finite element code MSC.Marc 2017 was used to investigate the considered factors,
as illustrated in Figure 3. The following assumptions were made: (1) 2D axisymmetric conditions, (2) no
heat transfer to the tools, and (3) using the power-law material model. An axisymmetric model was
set up to simulate the extrusion process. The 4-node fully integration element was used, resulting in
2040 elements. The tools (punch, container, die bearing, and die relief) were designated as rigid bodies.
The initial diameter of the cylinder billet was 1.7 mm, and its length was 6 mm. In order to accurately
describe the interface condition between billet and tooling, three friction models were evaluated.

2.50
= === Combined Friction
é 1.88
[0
o
(o]
L 1.25
c
Re) L .
g o ) - -\‘
X 063
0.00 £ N T e Experiment IlI

0.00 0.50 1.00 1.50 2.00 2.50 3.00
Displacement (mm)

Figure 3. Comparison between considered friction models with the micro-extrusion experiment.
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2.4.1. Coulomb Friction Model

This is an approximate model to calculate the friction force, resisting the relative lateral motion
of two solid surfaces in contact. The two regimes of friction are static friction between non-moving
surfaces. The governing equation is shown in Equation (3).

f=uN 3)

where f is friction force, i is the static friction coefficient, and N is the normal load. The Coulomb
friction force (f) may take any value from zero up to usN, and the direction of the frictional force
against a surface is opposite to the motion that the surface would experience in the absence of friction.

2.4.2. Shear Friction Model

Shear friction model, which relates the friction stress to the shear strength of the deformed material.

This model uses shear flow stress to replace friction stress when friction stress is greater than the shear

strength of the deformed material. When the friction stress is lower than the shear strength of the

deformed material, the friction stress follows the Coulomb friction law. The shear friction model can
be written, as shown in Equation (4).

f =kwhen > psN (4)

where k is the shear friction force.

2.4.3. Combined Friction Model

The Coulomb friction law is typically used in combination with limiting stress when the friction
stress is lower than the shear strength of the deformed material. When the calculated friction stress is
greater than the shear strength of the deformed material, shear flow stress is used to replace the friction
stress. This model was also applied in the micro-forming process carried out by Ghassemali et al. [38].
The governing equation of this model is shown in Equation (5).

f =usN, when pusN <k; f = k when pusN > k (5)

The coefficient of friction values used in this study was varied based on the considered tool coatings.

The main purpose of this study was to determine precisely how each considered coating could
reduce wear and consume energy in one extrusion cycle. The finite element model was validated
with three experiments (one extrusion cycle each). In the validation condition, the billet was extruded
from 1.70 mm to 1.09 mm with 100 mm/s speed and 2 mm stroke. The coating used in the validation
condition was DLC-PVD. The same trend could be observed on the other considered coatings. The
simulation results were compared with those of the experiment, as illustrated in Figure 3. The extrusion
forces of both simulation and experiment were plotted against the extrusion stroke. The Coulomb
friction model provided the highest extrusion force. Both shear friction and combined friction had
similar values of extrusion forces, lower than those of the Coulomb friction model. Based on the
observation of forming behaviors of micro-extrusion experiments, the Coulomb friction model tended
to overestimate the friction stress, particularly under high contact pressures. When the friction stress
was greater than the shear strength of the deformed material, shear flow stress should be used to
replace the friction stress. Nevertheless, when the friction stress was lower than the shear strength of
the deformed material, the friction stress should follow the Coulomb friction model. As a result, the
combined friction model was selected in order to represent the tool-billet interface in this study.

The wear rate and energy consumption of one extrusion cycle were critical for our study due to
the following reasons:
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(1) The wear rate per cycle would be used to predict the number of cycles prior to tool wear
(coating thickness depletion). Thus, the final part geometry could be precisely controlled, and the
tool could be adequately maintained, lowering the production cost.

(2) The energy consumption per extrusion cycle would be used to predict the energy cost by using
each considered tool coating. Each extrusion energy cycle would be multiplied by the predicted
number of cycles from (1) to obtain the total energy consumption.

Both of the calculated values from (1), (2), and the actual coatings development costs would
provide the tool design guidelines for the micro-extrusion engineers.

After the finite element simulation model was validated, the considered factors shown in Tables 1-3
were used as the input parameters to the finite element simulation. The tool wear rate was also
investigated in this study by using Archard’s equation, as shown in Equation (6).

W=KXFx Gt/H (6)

where W is tool wear, K is the wear coefficient (K = 1 x 10712 in this study), F is the normal load, Gt is
the sliding distance, and H is the hardness of the worn material (Table 1). In order to evaluate the tool
wear rate (W), the above equation could also be written in Equation (7).

Wr=KxoxV/H )

where o is the normal stress, and V is the relative velocity, which is 100 mm/s in this study:.
In order to evaluate the effects of tool coatings on energy consumption (E), the extrusion forces
(F) obtained from each testing condition were multiplied by the extrusion stroke (S), as shown in
Equation (8).
E=FxS ®)

Since only one extrusion cycle was compared for all the testing conditions, tool wear rate and
extrusion energy would be considered only for one cycle as well.

3. Results

The comparison of tool wear rates among the considered tool coatings is illustrated in Figure 4.
Note that these were the comparison results from the simulations. In addition, the left figure (ER = 2.43)
was the enlarged section of tool wear rate of the right figure (ER = 9.55). According to the figure, the
tool wear rate of all the coatings increased with bearing length and extrusion ratio. This was due
to the fact that higher bearing length increased the sliding lengths between the billet and the tools,
causing the tool wear rate to increase. High extrusion ratio also implied that the forces required to
plastically deform the billet into the die increased, causing higher stresses to the tools; thus, tool wear
rate increased. At both extrusion ratios, increasing bearing length from 0.5 mm to 3.0 mm would
increase the tool wear rate of approximately 40%. This phenomenon should be noted because extrusion
engineers tend to increase bearing lengths in order to balance the material flow without realizing that a
slight increase in bearing lengths could shorten tool life dramatically. Since the tool wear rate was
inversely proportional to the tool hardness, the highest to lowest tool wear rate values range from CrN,
TiN, DLC-CVD, and DLC-PVD, respectively. If the tool wear rates between DLC-CVD and DLC-PVD
were compared, DLC-PVD provided lower tool wear rates than DLC-CVD did. This was mainly due
to the fact that DLC-PVD had higher coating hardness value. Since the tool-billet interfaces of both
DLC-CVD and DLC-PVD had the same coefficient of friction, the higher hardness value of DLC-PVD
played an important role in lowering the tool wear rats. As a result, coatings that provided high
hardness values would generally provide longer tool life. Nevertheless, the hardness values used in
this study were mainly the hardness values of the tool surface (coated thickness shown in Table 1). One
should be concerned that the bulk hardness values of the tool should not be too high, which would
easily cause tool breakage.
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Figure 4. Comparison of tool wear rates among the considered tool coatings.

The comparison of energy consumptions among the considered tool coatings is displayed in
Figure 5. Note that these were the comparison results from the simulations. In addition, the left
figure (ER = 2.43) was the enlarged section of tool wear rate of the right figure (ER = 9.55). According
to the figure, extrusion energy was increased with increasing bearing lengths and extrusion ratios.
This was explained by the fact that increasing bearing lengths and extrusion ratios simply required
more extrusion forces to overcome friction and plastic deformation during extrusion. Higher friction
coefficients of the tool-billet interface provide higher friction values, extrusion forces, and extrusion
energy values. It could be observed that both DLC-CVD and DLC-PVD had the same coefficient of
friction values, thus, giving the same (lowest) energy consumption values. In addition, reducing the
coefficient of friction values from 0.45 to 0.11 could cause energy consumption to drop approximately
50%. It should also be noted that increasing bearing lengths from 0.5 mm to 3.0 mm could cause energy
consumption to rise from 10% to 30% for both extrusion ratios.
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Figure 5. Comparison of energy consumptions among the considered tool coatings.

Although extrusion ratios significantly affected both tool life and energy consumption, modern
extrusion profiles typically had high extrusion ratios and could not be avoided. As a result, extrusion
engineers should pay attention to hardness values of the tool surface and bearing lengths if tool life
was a concern. If energy consumption was a concern, bearing lengths and coefficient of friction of
tool-billet interface should be paid attention to.

4. Discussion

The obtained results from the previous section showed that the DLC coatings (DLC-CVD and
DLC-PVD) provided low tool wear rates, which agreed with many other forming processes on
steel-aluminum interfaces [39]. The results demonstrated that DLC coated tools would be strong
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candidates for friction and wear reduction, particularly in the micro-extrusion process at a high strain
rate. Nevertheless, the DLC-PVD coating had a higher hardness value than that of DLC-CVD in
this study. Thus, the lowest tool wear rate could be obtained by using DLC-PVD. In addition, both
DLC-CVD and DLC-PVD provided the lowest energy consumption, which would make DLC-PVD
more preferable due to its lower tool wear rate. Nevertheless, the bearing length should be kept
minimum in order to keep both the tool wear rate and energy consumption low. The understanding
of the interactive effects was crucial for extrusion engineers to select proper tool coatings for the
micro-extrusion process to achieve optimal production.

For the future research outlook based on the results of this study, higher-grade alloys should be
considered due to their increased demands in the automotive and aerospace applications. The other
lightweight materials should also be investigated, particularly for biomedical product development.
The more challenging studies would involve much higher extrusion ratio (ER) and complex-shape
profiles in the micro-scale. Not only would the difficulty lie in the deformation, but the real challenge
would also be in the development of high tribological performance and low-cost tool coatings.

5. Conclusions

The effects of tool coatings on energy consumption in micro-extrusion of 6063 aluminum alloy were
investigated. Three main factors were considered: tool coating types, bearing length (B ), and extrusion
ratio (ER). The finite element simulation model was set up and validated with the micro-extrusion
experiment. The tool wear rate and extrusion energy were calculated. The significant findings of the
study could be summarized as follows:

(1) Increasing bearing lengths from 0.5 mm to 3.0 mm led to the increase in tool wear rate of 40% and
energy consumption of 10%-30% for all the coating types.

(2) Reducing the coefficient of frictions from 0.45 to 0.11 led to a decrease in energy consumption
of 50%.

(3) High hardness values of the tool surface and low bearing lengths are critical to tool life extension.

(4) Low coefficient of friction values of the tool-billet interface and low bearing lengths are critical to
energy consumption.
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Abstract. Micro-extrusion process is one of the micro-forming technology for fabrication of
micro-parts such as micro-gear shaft for microelectromechanical system (MEMS) and micro pins for
electronic parts. This paper presents the friction models effects and geometry effects on curving
tendency of micro-extrusion 6063 aluminum alloy pins. Three friction models were considered: (1)
Coulomb friction, (2) plastic shear friction, and (3) combined (Coulomb & plastic shear) friction. The
finite element simulation was carried out and the results showed that the combined friction model
accurately predicted the micro-extrusion results. Then, four tool geometry and position effects were
investigated: (1) punch shift length, (2) die angle, (3) die shift length, and (4) bearing length. The
finite element simulation was carried out to determine these tool geometry and position effects on the
curving tendency of micro-extruded pins. The results showed that punch shift length and die angle did
not affect the curving tendency. However, die shift length caused the micro-extruded pins to curve.
The increase in bearing length helped straighten the micro-extruded pins.

Introduction

Micro-forming is one of the key technologies to produce net-shape micro parts [1-4] and
micro-extrusion is one of the commonly used processes in micro-forming. Micro-extrusion allows
high production rates, is suitable for mass production, produces near-net-shape components, and
allows for 3-dimensional part geometry. One of the most concerned problems in micro-extrusion is
the curving tendency of micro-extruded pins. Several studies have been carried out to explain the
curving tendency in micro-extrusion [5-14]. The main conclusion from these research works is that
grain (crystal) orientations are the major driving force of curved pins if the grain size is large
comparable to the specimen size. The authors of this paper are concerned if tool geometry and
position could contribute to the curving tendency of the micro-extruded pins. As a result, this paper
aims to investigate the effects of tool geometry and position on the curving tendency in
micro-extrusion by using finite element (FE) simulation. Since friction also plays an important role in
forming behaviors, three friction models are considered in order to apply the most suitable friction
model for micro-extrusion.



Micro-Extrusion Experiment

The forward-backward micro-extrusion was used in this study. Fig.1 showed a conical die had the
container diameter of 1.71 mm and the bearing diameter of 1.09 mm. Chromium nitride (CrN) was
coated on the die surface and the die had the average surface roughness (Ra) values of 0.05 um. Fig.
2 showed the punch having diameter of 1.47 mm. The test material under investigation was 6063
aluminum alloy. The specimen billets were fabricated to have 1.7 mm in diameter and 6 mm in length
by hot extrusion and machining. The non-annealed billets had a microstructure having approximately
46 um grain size and hardness value of 50 HV. The material model of the test material is expressed as
in Eq. 2.

o = (265.3 MPa) 227 )

where o is flow stress and ¢ is strain. During the extrusion, test pieces (billets) were inserted into

the die and pushed to form micro-extruded pin. The experiments were carried out at room temperature
with a ram speed of 0.1 mm/s and a forming stroke of 3.5 mm.
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Fig. 1 Schematic of the micro-extrusion die (Units are in mm).
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Fig. 2 Schematic of the micro-extrusion punch (Units are in mm).



Micro-Extrusion Simulation

The numerical studies of the suitable friction models for micro-extrusion were carried out in the
Lagrangian finite element code MSC.Marc 2015. The micro-extrusion process was simplified with
2D axisymmetric analysis. The tools in the simulations were rigid. Note that the following
assumptions were made:

(1) 2D axisymmetric conditions.

(2) No heat transfer to the tools.

(3) Using power law material model.

Considering the symmetry of the process, an axisymmetric model was set up to simulate the
extrusion process. The 4-node fully integration element was used. Totally, 2,040 elements were
generated. The punch, container, die angle, bearing, and relief were designated as rigid bodies. The
initial diameter of the cylinder billet was 1.7 mm and its height was 6 mm. The diameter of the formed
part was 1.09 mm. The interface regions were 4 pairs, namely, punch-billet interface, container-billet
interface, die angle-billet interface, and die bearing-billet interface. Three friction models were used
to describe the interface condition between billet and tooling.

Punch

————Container

Billet—

Die Angle

e e
F

Bearing

= Relief

Fig. 3 FE setup of the micro-extrusion test.

(1) Coulomb friction model. The Coulomb friction resists relative lateral motion of two solid
surfaces in contact. The two regimes of friction are static friction between non-moving surfaces. The
coulomb friction is an approximate model used to calculate the friction force. It is governed by Eq. 3:

f < usN ®)

where f is friction force, us is static friction coefficient, and N is normal load. The Coulomb friction
force f, may take any value from zero up to u, and the direction of the frictional force against a
surface is opposite to the motion that surface would experience in the absence of friction.

(2) Shear friction model. When the friction stress is lower than the shear strength of the deformed
material, the friction stress follows the coulomb friction law. When the calculated friction stress is
greater than the shear strength of the deformed material, shear flow stress is used to replace the
friction stress. This is shown in Eq. 4:

f = k when usN > k (4)



where k is the shear friction force. The shear friction model relates the friction stress to the shear
strength of the deformed material.

(3) Combined friction model. The Coulomb friction law is normally used in combination with a
limiting stress when the friction stress is lower than the shear strength of the deformed material. When
the calculated friction stress is greater than the shear strength of the deformed material, shear flow
stress is used to replace the friction stress. This is shown in Eq. 5:

f = usN, when usN < k ; f = k when usN >k (5)

The coefficient of friction was 0.45 and the interface friction factor was 0.26 for all the friction
models.

Regarding the consideration of tool geometry and position effects, Fig. 4 and Fig. 5 demonstrate
the schematic of the micro-extrusion parameters. Table 1 shows the considered tool geometry and
position parameters in this study.

Table 1. Considered tool geometry and position parameters.

Parameters Values

Punch shift length (Ps) 0 um, 120 pm

Die angle () 30°, 60°, 90°

Die shift length (Ds) 0 um, 100 pm

Bearing length (Lbr) 0.5 mm, 1.0 mm, 1.5 mm

PS Punch Shift Length
o - G Punch Clearance
Di Inlet Diameter
Do Outlet Diameter
Li Initial Billet Length
Ly, Bearing Length
- ¢  Die Angle
L bw Backward Extrusion Length

Lg  Straight Pin Length

6 Pin Curvature Angle

Fig. 4 Micro-extrusion parameters.
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Fig. 5 Die shift parameter in micro-extrusion.

Results and Discussions

Fig. 6 shows the comparison of the simulated extrusion force and stroke curves of all friction
interface conditions. The extrusion force of frictionless interface conditions is the lowest value among
all friction interface conditions. The Coulomb friction model provides the highest extrusion force.
Both shear friction and combined friction have similar values of extrusion forces, higher than those of
frictionless model and lower than those of Coulomb friction model. Based on the observation of
forming behaviors of micro-extrusion experiments, the Coulomb friction model tends to overestimate
the friction stress, particularly under high contact pressures. When the friction stress is greater than
the shear strength of the deformed material, shear flow stress should be used to replace the friction
stress. Nevertheless, when the friction stress is lower than the shear strength of the deformed material,
the friction stress should follow the Coulomb friction model. As a result, the combined friction model
was selected in order to represent the tool-billet interface in this study.

w

CoulombfFriction

ShearFriction

— [rictionless

Extrusion Force (kN)
12"

[

CombinedFriction

0 1 2 3 4

Displacement {(mm)

Fig. 6 Comparison of the friction models considered in this study.



Fig. 7 shows the micro-extrusion results comparison of between the experiment and simulation
using combined friction model. Note that this experiment was carried out by using DLC-EX coating,
which used the friction coefficient between tool-billet interface of 0.09. The error between the

experimental and simulations results is approximately 4.7%. Thus, the combined friction model
seems to be suitable for the micro-extrusion process.

2.5
sz 2
-
S 15
- ———Experimental
L
_E 1 ~——— Simulation
3
E
& 0.5

0 0.5 1 15 2 25 3 35 4

Desplacement (mm)

Fig. 7 Comparison results of the experiment and simulation using combined friction model.

The effects of tool geometry and position are illustrated in figures 8-11. It can be seen when the
punch shift length (Ps) changes from 0 um to 120 um, no curving tendency of micro-extruded pins
can be observed (Fig. 8). This shows that the slight change in punch position does not affect the
material flow, which is being guided by the die geometry.

P,=120um

Fig. 8 FE results considering punch shift length (Ps)



Similarly, when die angle (o) changes from 30° to 60° to 90°, the curving tendency cannot be seen
(Fig. 9). However, when the die shift length (Ds) varies from O um to 100 pum, it can be seen that the
micro-extruded pin is curved (Fig. 10). This is due to the fact that the one of the segmented dies is
moved downward, causing the extruded billet to move against the exposed bearing area and curving
to the extruded pin. In the experiment, if the segmented dies are not securely fixed, die shift can occur.
If the bearing length (Lor) is increased from 0.5 mm to 1.0 mm while the die shift length (Ds) is 100
pum, the extruded pin changes from curve to straight. This is due to the fact that the increased bearing
area helps control the straightness of the extruded pin. If the bearing length (Lor) is increased further
from 1.0 mm to 1.5 mm, the extruded pin remain straight but the extrusion force is also higher. This is
due to the increased bearing area, which generates higher friction between the tool-billet interface.

o = 300

Fig. 9 FE results considering punch shift length (o)

1 D, =100 pm

D, =0um D, =100 um

Fig. 10 FE results considering die shift length (Ds)
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Fig. 11 FE results considering bearing length (Lor)

Summary

This study investigated the effects of tool geometry and position on curving tendency in
micro-extrusion of 6063 aluminum alloy. In order to select a suitable friction model for
micro-extrusion, three friction models were considered: (1) Coulomb friction, (2) plastic shear
friction, and (3) combined (Coulomb & plastic shear) friction. The results showed that the combined
friction model should be applied in the micro-extrusion process. The finite element simulation of the
micro-extrusion was carried out to investigate the effects of (1) punch shift length, (2) die angle, (3)
die shift length, and (4) bearing length. Punch shift length and die angle did not affect the curving
tendency of micro-extruded pins. Die shift length caused the micro-extruded pins to curve. The
increased in bearing length helped straighten the curved pins.
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Abstract

This paper investigated the effect of die shift to the bending tendency or curvature of micro-extruded pins by using
finite element simulation. By considering the original die setup, the die shift lengths were varied from 0.0 mm 0.2
mm. In order to observe the effect of the die shift at higher lengths, the opening part of the die was cut open to
leave room for the curvature of micro-extruded pins and the die shift lengths were extended up to 1.4 mm. After
the micro-extrusion simulation, the curvature radii of the micro-extruded pins were measured. The results showed
that the increased in die shift length led to the decrease in curvature radii of the micro-extruded pins. Particularly
during the initial increase in die shift length, the curvature radii dramatically decreased. As a result, die shift should
be avoided at the beginning of the micro-extrusion in order to reduce bending tendency of micro-extruded pins.

Keywords: Bending; Curvature; Die Shift; Finite Element Simulation; Micro-Extrusion.

1. Introduction

Micro-forming is one of the potential technologies
to produce net-shape micro/meso parts [1-4] and
micro-extrusion is one of the key processes in micro-
forming. Micro-extrusion provides high production
rates, is suitable for mass production, produces near-
net-shape components, and allows for 3-dimensional
part geometry. One of the most concerned problems
in micro-extrusion is the curving tendency of micro-
extruded pins. Several studies have been carried out
to explain the curving tendency in micro-extrusion [5-
14]. The main conclusion from these research works
is that grain (crystal) orientations are the major driving
force of curved pins if the grain size is large
comparable to the specimen size. The authors of this
paper are concerned if tool geometry and position
could contribute to the curving tendency of the micro-
extruded pins. As a result, this paper aims to
investigate the effects of die shift on the curving
tendency in micro-extrusion by using finite element
(FE) simulation.

2. Method and Materials
2.1. Micro-Extrusion Experimental Setup

The forward-backward micro-extrusion was used
in this study as shown in Fig.1. A set of conical
segmented dies with die angle (a) of 30° had the
container diameter of 1.71 mm and the bearing
diameter of 1.09 mm. Chromium nitride (CrN) was
coated on the die surface and the die had the
average surface roughness (Ra) values of 0.05 pum.

The diameter of the punch was 1.47 mm.

Punch Set

Micro-Meso Extrusion Setup

Segmented Die

Fig. 1. Micro-extrusion experimental setup.

The material of both die and punch was SKD61.
The test material under investigation was 6063
aluminum alloy. The specimen billets were fabricated
to have 1.7 mm in diameter and 6 mm in length by
hot extrusion and machining. The non-annealed
billets had a microstructure having approximately 46
pm grain size and hardness value of 50 HV. The
material model of the test material is expressed as in
Eq. 1.

0 = (265.3 MPa) €27 1)

where o is flow stress and ¢ is strain. During the
extrusion, test pieces (billets) were inserted into the
die and pushed to form micro-extruded pin. The
experiments were carried out at room temperature
with a ram speed of 0.1 mm/s and a forming stroke of
3.5 mm.



2.2. Micro-Extrusion Finite Element Simulation

The numerical studies of the micro-extrusion
were carried out in the Lagrangian finite element code
MSC.Marc 2015. The micro-extrusion process was
simplified with 2D axisymmetric analysis as shown in
Fig. 2.

Punch

—— Container

Billet

Die Angle

Bearing

e Relief

Fig. 2. Micro-extrusion simulation setup.

Note that the following assumptions were made:
(1) 2D axisymmetric conditions, (2) no heat transfer to
tools, and (3) using power law material model.
Considering the symmetry of the process, an
axisymmetric model was set up to simulate the
extrusion process. The 4-node fully integration
element was used. Totally, 2,040 elements were
generated. The punch, container, die angle, bearing,
and relief were designated as rigid bodies. The initial
diameter of the cylinder billet was 1.7 mm and its
height was 6 mm. The diameter of the formed part
was 1.09 mm. The interface regions were 4 pairs,
namely, punch-billet interface, container-billet
interface, die angle-billet interface, and die bearing-
billet interface. The combined friction model
(Coulomb and shear friction models) was used. The
coefficient of friction was 0.45 and the interface
friction factor was 0.26. Note that the simulation
results were compared with those of the experimental
results by observing the extrusion force and stroke
curves. The errors between the experimental and
simulation results were within 4.7%, which was
considered acceptable.

2.3. Die Shift Consideration

Since it was extremely difficult to control die shift
in the experimental setup, finite element simulation
was used to vary die shift lengths as demonstrated in
Fig. 3. In this study, two die configurations were
considered: (1) original die (with specific opening area
at the outlet) and (2) opening die (with open outlet
area for the micro-extruded pin to curve). The
configurations of the both dies can be seen in Fig. 4.
The die shift variation is shown in Table 1.

Dy
Die { Die Shift Length)

Punch

Billet

(&) (b}

Fig. 3. Die shift configuration: (a) no die shift (Ds = 0 mm),
and (b) die shift (Ds varies).

Table 1
Die shift variation considered in this study

Configuration Die shift length (mm)
Original die 0.00, 0.05, 0.10, 0.20
Opening die 0.30, 0.40, 0.50, 0.60, 0.70,

0.80, 0.90, 1.00, 1.10, 1.20,
1.30, 1.40

2.3. Pin Curvature Radii Measurement

In order to observe the bending tendency of the
micro-extruded pins, the pin curvature radii were
measured after the finite element simulations were
completed as shown in Fig. 4. Three curvature points
were marked in the extruded pins in order to
determine the curvature arc and center of the inner
radius (Rin). Since the die shift created an outer pin
distortion, the outer radius (Rout) of the pin was not
uniformly extended from the inner radius. As a result,
the outer radius was created and determine to match
with the curvature of the pin. The average curvature
radius (Ravg) could then be determined from the
average of both inner radius and outer radius. Note
that the values of Ravg Of all the considered die shift
variations were later used to compared and analysed.

( - /\i
. % Curvature Point .\\.__7_7 . ,'é’

Inner Radius

Outer Radius

Ravg =~ 2
Fury Average Radius

(@) (6)

Fig. 4. Pin curvature radii measurement: (a) original die,
and (b) opening die.
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3. Results and Discussions

Fig. 5 shows the average pin curvature radius
plotted against die shift length. Note that both original
die and opening die results were plotted on the same
graph. It could be observed that the average pin
curvature radii dramatically decreased with increasing
die shift length for the original die. However, the
average curvature radii gradually decreased with
increasing die shift length for the opening die.

In other words, the initial die shift was the main
cause for the micro-extruded pins to bend. As a
result, it was crucially important to ensure the there
was no die shift in order to avoid bending of micro-
extruded pins.

4, Conclusions

The effect of die shift to bending tendency of micro-
extruded pins was investigated by using finite element
simulation. Two types of die were considered: (1)
original die (with specific opening area) and (2)
opening die (leaving open area for pins to curve). In
the original die, the die shift lengths were increased
from 0 mm to 0.2 mm and the simulation results
showed that the curvature radii decreased
dramatically with die shift lengths. In the opening die,
the die shift lengths were increased from 0.3 mm to
1.4 mm. The simulation results showed that the
curvature radii gradually decreased with increasing
die shift lengths. The highlight of this paper
demonstrated that initial die shift significantly
contributed to the bending tendency of micro-
extruded pins, which should be avoided.
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